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Preface 



This book is meant to be a folio w-up and an extension of an earlier book, 
Fundamentals of Solid Propellant Combustion, which was edited by Ken- 
neth K. Kuo and Martin Summerfield and published by AIAA in 1984 as 
Volume 90 in this series, Progress in Astronautics and Aeronautics. Whereas 
the emphasis of Volume 90 was mainly on chemistry and steady-state 
burning of solid propellants, the unifying theme of the present book is 
nonsteady burning and stability. Virtually all relevant aspects are covered, 
except those already fully treated in the previous volume. 

The general comments made in Volume 90 about References, objectives, 
and scope of the work are valid here too. In particular, this book is also 
the result of the coordinated efforts of several of the most distinguished 
international scientists in the area of solid propellant combustion. The 
contributions from many countries reflect growing interest and research 
during the last two decades and growing cooperation on the international 
scene, a circumstance that makes the compilation of this volume particu- 
larly timely. For the first time in an English language publication, a full 
and highly qualified exposure is given of Russian experiments and theories. 
This provides a window into an ongoing controversy over rather different 
approaches used in Russia and the West for analytical representation of 
transient burning. The results show that the two approaches give rather 
similar results under the classical assumptions of one-dimensional behavior 
and thin combustion zone. The relevance to propellants with extended gas- 
phase combustion remains to be determined. 

This book tries to combine state-of-the-art knowledge with a tutorial pre- 
sentation of the topics. The detailed analyses of intrinsic combustion stability 
of solid propellants and stability of solid rocket motors or burners reported 
in this book are not easily found elsewhere. In addition, modern topics, 
ranging from new propellant formulation to nonintrusive diagnostic tech- 
niques, are fully discussed. The life-long personal recollection by one of the 
editors, Edward W. Price, provides a good historical background to many of 
the technical topics treated in the book. Thus, this volume can be used as a 
textbook for students or reference for engineers and scientists involved in 
solid propellant systems for propulsion, gas generation, safety, etc. 

Several outstanding books have been published in the areas of solid 
propellant combustion and rocket propulsion. These include the first vol- 
ume in the Progress in Astronautics and Aeronautics series, entitled Solid 
Propellant Rocket Research, edited by Martin Summerfield in 1960; Solid 
Propellant Rockets, by C. Huggett et al., published by Princeton University 
Press in 1960; Rocket Propulsion, edited by M. Barrere et al., published 
by Elsevier Publishing Company in 1960; an AGARDograph entitled "Fun- 
damental Aspects of Solid Propellant Rockets," by Williams et al., pub- 
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lished in 1969; and Nonstationary Burning of Solid Rocket Fuels, by B. V. 
Novozhilov, published by Nauka in 1973. Moreover, George Sutton has 
presented five editions of Rocket Propulsion Elements, published by John 
Wiley & Sons from 1949 through 1986. Ali of these books constitute an 
excellent technical and historical background for both Volume 90 and the 
present volume of Progress in Astronautics and Aeronautics. 

The flavor of the present book will be better illustrated by a cursory 
look at its contents. A personal recollection of combustion instability his- 
tory in solid rocket motors is presented by E. W. Price in Chapter 1, and 
the following four chapters provide the pertinent theoretical (Chapter 2 
by M. Barrere) and experimental (Chapters 3-5) background for attacking 
the problem of transient burning. The experimental steady-state burning- 
rate data discussed in Chapter 3 by K. Klager and G. A. Zimmerman 
should correctly be predicted by, or be the starting point of, any well- 
posed transient burning theory. The experimental steady-state temperature 
sensitivity data discussed in Chapter 4 by N. Kubota allow a critical com- 
parison of the Russian and Western approaches to transient burning and 
combustion stability; whereas the Russian approach needs those data, the 
Western approach can predict them. The thermophysical and other data 
discussed in Chapter 5 by C. Zanotti et al. form a badly needed data base 
for any quantitative development in the area of solid propellant combus- 
tion. 

The experimental flame structures of traditional and innovative solid 
propellant formulations are respectively treated in Chapter 6 by A. A. 
Zenin and Chapter 7 by N. Kubota; this information is essential for all 
flame modeling developments. Since Standard intrusive diagnostic tech- 
niques are instrinsically limited in their scope, advanced nonintrusive tech- 
niques are required to probe the hostile flame environments; these and 
their present applications are surveyed in Chapter 8 by T. Pan and D. 
Hanson-Parr. 

The following five chapters (Chapters 9-13) discuss, mainly on an ex- 
perimental basis, different areas in which transient burning and combustion 
stability of solid propellants play a prominent role. Chapter 9 by E. W. ' 
Price offers a review of the classical L* instability; Chapter 10 by V. E. 
Zarko et al. treats several aspects of radiation-driven transient burning; 
Chapter 11 by C. Zanotti et al. deals with oscillatory burning of solid 
propellants due to intrinsic instability; Chapter 12 by C. F. Price and 
T. L. Boggs underlines the relevance of transient burning in the important 
problem of deflagration-to-detonation transition; and Chapter 13 by K. K. 
Kuo and D. E. Kooker discusses the coupling between transient burning 
and structural mechanics of solid propellants. 

The next three chapters (Chapters 14-16) examine transient burning 
and combustion stability from a theoretical viewpoint. Chapter 14 by L. 
De Luca offers a review of the problem in terms of flame models, the 
approach mainly developed in the Western countries. Chapter 15 by B. V. 
Novozhilov offers a review of the problem in terms of the Zeldovich- 
Novozhilov approach independently developed in Russia. Chapter 16 by 
L. Galfetti et al. gives an overview of trends and bounds of transient burning 
by numerical means. 
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The following four chapters (Chapters 17-20) consider application of 
the knowledge collected up to this point to solid propellant rocket motors. 
Chapter 17 by L. D. Strand and R. S. Brown gives a review of the current 
laboratory test methods which assess the stability properties of solid pro- 
pellants before firing a rocket motor. Chapter 18 by F. E. C. Culick and 
V. Yang describes the current theoretical methods to predict stability of 
rocket motors. Chapter 19 by H. B. Mathes discusses real world applica- 
tions of the theoretical approach. Should experimental tests reveal insta- 
bility, Chapter 20 by K. Ramohalli offers a panoply of techniques for help 
in desperate cases. 

The final chapter, Chapter 21 by E. W. Price and G. Flandro, sums up 
the situation and describes possible future developments. It is regretted 
that a full coverage of the important problem of deflagration-to-detonation 
transition has not been possible. 

An effort was made to keep Nomenclature as uniform as possible 
throughout the book. Although this was not always possible due to the 
different backgrounds of the various authors and the variety of physical 
situations under study, quite a lot was accomplished. 

Finally, in preparation of a book of such wide scope, many new friend- 
ships were made and some old ones put to the test. There were rewards, 
and also frustrations, especially in the task of timely assemblage of the 
many contributions. The patient and time-consuming work of the chapter 
authors and of the following reviewers is acknowledged: M. W. Beckstead, 
F. Blomshield, T. L. Boggs, R. S. Brown, R. S. Bruenner, U. Carretta, 
A. Coghe, F. E. C. Culick, J. T. Edwards, B. S. Ermalaev, C. E. Hermance, 
K. Klager, H. Krier, N. Kubota, P. Kuentzmann, G. Lengelle, H. B. Mathes, 
M. S. Miller, D. E. Netzer, B. V. Novozhilov, C. F. Price, Q. Quarteroni, 
P. S. Silber, W. A. Sirignano, A. A. Sulimov, L. D. Strand, J. S. T'ien, 
J. S. Whitelaw, and A. A. Zenin. Also acknowledged is the support of 
unnamed agencies who were the sponsors for all those authors and reviewers. 

The cooperative assistance of the AIAA staff, in particular of Jeanne 
Godette and Amy Hoeksema of the Editorial Department in Washington, 
is gratefully acknowledged. 

Luigi De Luca 
Edward W. Price 
Martin Summerfield 

May 1992 
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Chapter 1 



Solid Rocket Combustion Instability — An American 
Historical Account 

E. W. Price* 

Georgia Institute of Technology, Atlanta, Georgia 

Introduction 

TPRANSIENT combustion processes are both important in rocket motors 
X and difficult to understand. A wide range of transient processes are of 
interest, including ignition, quenching, transition from deflagration to det- 
onation, and oscillatory combustion. These problems are often determined 
partly by factors outside the combustion zone of the propellant (e. g., an 
igniter, gas oscillations, etc), but they all involve transient behavior of the 
combustion process, which is the central theme of this book. Much of the 
research on steady and transient combustion has been motivated by the 
problem of combustor instability in rocket motors that sometimes leads to 
destructive combustion-driven gas oscillations in the combustor. This chap- 
ter is a historical review of progress in the oscillatory combustor instability 
problem. 

Days of the Magicians 

Oscillatory combustion in solid rocket motors (SRMs) was first clearly 
established as a reality in SRMs by Anderson and Hunt 1 in 1948 when 
high frequency pressure detectors became available. However, the pres- 
ence of oscillatory burning was manifested in a variety of ways, such as 
wild excursions in mean pressure and motor bursts much earlier (possibly 
as early as 1937 in tests by Crowe). The first analysis pertinent to the 
problem appears to be that of Hartree 2 in 1941. By 1944, the relation to 
charge geometry had led to the belief 3,4 that wave mode gas oscillations 
were involved, and the first "fixes" for instability had been worked out. 
The first widely available combustion stability analysis was worked out 5 
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before oscillatory behavior had been measured. The first systematic meas- 
urements appear to have been those of Swanson 6 at the Naval Weapons 
Center (NWC) and Smith and Sprenger 7 at Aerojet. Prior to this Aerojet 
work, all observations of instability had been with double-base propellants, 
leading to an unwarranted belief that double-base propellants were unique. 
The Aerojet experience 7 involved an early ammonium perchlorate (AP) 
composite propellant. The prevailing view that only double-base propel- 
lants were susceptible to unstable combustion was shattered by these re- 
sults, and showed the risk of extending generalizations about combustion 
instability (Cl) outside the base of actual experience. The literature on 
combusion instability is replete with such generalizations. 

During the period up to about 1960, combustion instability was a frequent 
visitor to motor development programs and was usually eliminated by 
geometrical changes intended to get in the way of guilty acoustic waves 
(including use of resonance rods, modification of the cross-sectional shape 
of charge conduits, and changes in igniter cases and inhibitors). An ex- 
tensive art developed (sometimes referred to lightly as "black magic"). 
For the relatively small motors of the time, it was feasible to make changes 
and evaluate them by static firing full-size motors. There was little scientific 
about it, and there was little organized effort to collect the development 
experience and make some sense out of it. Each company had its resident 
"magician," who was usually called in only after a development program 
team had already chosen motor design and propellant and found that they 
were in trouble in static firing tests. At that point there was usually neither 
adequate instrumentation on tests to identify the nature of the oscillatory 
behavior nor a place to put a close-coupled transducer. As a result, remedial 
measures were usually started with minimal data, maximum constraint on 
changes, and an atmosphere of crisis (of time schedule). Communication 
in the scientific community was limited by the low level of research activity 
and by a negative stimulus to report development program experience. 
(Word of instability problems in development programs was bad program 
news and was treated in the same manner as social diseases.) A few good 
papers were published in the 1950s (e. g., Refs. 8-12), but most com- 
munication was via individuals in the various companies and laboratories 
that were most directly involved in remedial activities, the company 
"magicians." 

As the resident "magician" at the Naval Weapons Center, the author 
had the blessing of an enlightened laboratory management that permitted 
initiation and maintenance of contact with combustion instability specialists 
and time for collecting and analyzing reports and data from other labo- 
ratories. This evolved into an informal consulting service in which the 
unwritten rules were free access to information in exchange for confiden- 
tiality. (The analogy to handling information on social diseases is notable 
here also.) This exchange over a period of six or seven years stimulated a 
questionnaire via the U.S. Chemical Propulsion Information Agency seek- 
ing increased exchange of information. Distribution was carefully targeted 
on the basis of 1) clues ferreted from development program reports sugges- 
tive of undocumented instances of instability or 2) propellant-charge con- 
figuration combinations deemed to be conducive to instability. The 
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questionnaire was accompanied by a statement that instability often went 
unrecognized because of limited capability of transducers and recorders or 
limited familiarity with the problem, and it requested responses even in 
cases of suspicious behavior. The key items requested in the questionnaire 
were the name and telephone number of a cognizant person (along with 
a promise of a personal follow up). The flood of information from this 
questionnaire and personal follow ups is summarized in a report that is 
little known today because it was published in a classified volume. 13 How- 
ever, the opening up of communication during these exchanges relieved 
much of the stigma of combustion instability by making it clear that it was 
natural and everybody had it because it was hard to avoid. This improved 
state of understanding was conducive to an increased level of research on 
the Cl problem, a trend that was also stimulated by a growing realization 
that the old trial-and-error remedial fixes were becoming impractical be- 
cause of the increased costs of full-scale testing of the larger rockets that 
were then under development. (This issue of the large motor problem is 
the subject of a later section.) 

During the 1950s, there was an enormous increase in understanding of 
Cl as a natural phenomenon and a growing awareness of its complexity, 
diversity, and prevalence. More experience with propellant formulations 
and motor size, shape, and pressure range, as well as use of better instru- 
mentation on tests all contributed to this increased awareness. However, 
most studies were aimed at resolution of troubles on specific development 
programs, and the range of variables was limited and fragmented accord- 
ingly. As a result, the collective results did not reflect a systematic picture 
of the trend of Cl behavior as a function of relevant variables. It did become 
clear that Cl never occurred with propellants based on ammonium nitrate 
or potassium perchlorate oxidizers (aluminized versions not tested), and 
that aluminized propellants did not exhibit instability in high frequency 
modes. It became clear that small changes could often cause a transition 
from stable to oscillatory behavior (changes in geometry, propellant tem- 
perature, ingredient particle size, etc). This, in turn, helped to show that 
many motors were operating near stability thresholds, beyond which severe 
oscillations were likely. It also became clear that quantitative understanding 
would depend on advances in fundamental areas of combustion, fluid dy- 
namics and stability theory, and that ballistic test devices were needed to 
conduct systematic studies of the contributing processes to instability. The 
ballistic test devices were needed to produce more systematic data on 
processes (e. g., combustion dynamics) under boundary conditions chosen 
to facilitate comparison of experimental results with theory. They were 
also needed to facilitate low cost experimental evaluation of the effects of 
relevant variables such as propellant formulation, pressure, oscillation fre- 
quency, etc. (i. e., acquisition of sufficient systematic data to establish cor- 
rect trends). 

In response to the need for a laboratory scale combustion instability test, 
several laboratories started development in the late 1950s and early 1960s 
of burners ranging from oscillatory strand burners to L* burners to acoustic 
mode burners and specially instrumented and configured motors. At the 
outset, the goal was to bring systematic testing within acceptable cost so 
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that stability characteristics of different propellants could be determined 
over reasonable ranges of pressure and frequency. Efforts were made to 
keep geometry simple so as to minimize complexity of interpretation of 
results. The most notable burner development was probably the center 
vented burner 11 and its derivatives that later became known as the "T- 
burner." These burners permitted tests over a wide range of frequencies 
and pressures, using only 50 g of propellant per test. The one-dimensional 
version permits unambiguous testing of pressure coupled combustion re- 
sponse and is susceptible to relatively simple stability analysis (important 
if quantitative measurement of combustion response is needed). The de- 
velopment of the laboratory scale burners opened the way to meaningful 
research on combustion instability, and burner developments have contin- 
ued to the present. 



Growth of Research Motivated by the Risk to Big Motor Programs 

The prospect of combustion instability troubles in development programs 
on big solid rocket motors was a matter of real concern, because it was 
recognized in 1958 that it was not known what to expect in large motors, 
and the approach of remedial measures based on trial and error methods 
would be prohibitively expensive, both from the standpoint of cost of 
testing and of delays in development programs. As a result of urging by 
the Polaris program managers and a U.S. Department of Defense (DOD) 
committee on large motors, a DOD ad hoc committee was set up to review 
and recommend on the combustion instability problem. The committee, 
headed by Bruce Sage, recommended 14 an enhanced and coordinated re- 
search program in DOD. The recommendation was implemented by es- 
tablishment of the Tri-Service Committee to enhance research through the 
Office of Naval Research (ONR) , Air Force Office of Scientific Research 
(AFOSR), and Army Research Office (ARO) which are the research of- 
fices of DOD, augmented by substantial additional funding from the DOD 
Advanced Research Projects Agency (ARPA). F. T. McClure was assigned 
the job of enhancing communication, and he organized a panel on com- 
bustion instability that was the forerunner of the present U.S. Joint 
Army/Navy/NAS A/Air Force (JANNAF) Combustion Subcommittee. 
Meetings of this panel 15 marked the beginnning of real scientific exchange 
and no doubt raised the stature of ongoing research efforts. This was aided 
also by review papers and sessions in several open technical meetings from 
1960 to 1965 (Refs. 16-18). The infusion of research funds from DOD 
research offices, ARPA, and major development programs provided the 
means to establish the kind of interdisciplinary effort so badly needed to 
make real progress. While this enhanced funding began to fade within 
three years due to the ARPA phase out, increased funding by NASA kept 
the vitality of the program strong until about 1968. The advances during 
that period were spectacular and contributed not only to understanding 
and control of combustion instability, but to the larger fields of propellant 
combustion, combustor gas flow, charge design, and ballistic measure- 
ments. This progress will be summarized briefly later, but it helps to go 
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back and see what was happening to rocket motors diiring this time, because 
that had a major impact on choices of direction for research. 

During the late 1950s and early 1960s, most motor development pro- 
grams chose to go to aluminized propellants because of enhanced specific 
impulse (exceptions were primarily missiles that used radar communication 
links that were compromised by exhaust plume effects, and those air launched 
missiles for which bright exhaust flash compromised pilot night vision). No 
experiences with instability of small tactical motors using aluminized pro- 
pellant were encountered. This point was noted by the DOD ad hoc com- 
mittee, which pointed out 14 that this was not a reason for complacency 
because the mechanism by which aluminum stabilized combustion was 
unknown, and the range of applicability hence was unforeseeable. In par- 
ticular, it was noted that the salutary stabilizing benefits of aluminum might 
not be applicable to large motors with low acoustic mode frequencies. This 
reservation regarding state of the knowledge and future risk was soon 
justified by experience in the Navy Sub Roc program, where serious trou- 
bles with instability were encountered at about 220 Hz with an aluminized 
propellant. 19 This problem posed serious risk to the development schedule 
of the weapon (which was coordinated with the submarine deployment 
schedule). Similar experiences were subsequently encountered with alu- 
minized propellants in several other development programs. Instabilities 
were generally noted at frequencies of less than 1500 Hz, and most less 
than 700 Hz. Consistent with these low frequencies, instabilities with al- 
uminized propellants rarely occurred in transverse acoustic modes, and it 
eventually became evident that the overriding effect on stability was the 
bulk mode acoustic damping in the two-phase flow, which is very large at 
high frequency. 20 In the last half of the 1960s, it became evident that the 
axial mode instabilities typical of aluminized propellants were sometime 
much more complex mechanistically than transverse mode instabilities in 
that the combustion-flow interaction was more complicated and the stability 
often highly nonlinear. Another trend of the late 1960s was a renewed 
emphasis on nonaluminized propellants, a trend motivated by the need for 
low exhaust plume visibility. This practical requirement also eventually 
required elimination of carbon smoke and elimination of HC1 in the exhaust 
because it is conducive to formation of water vapor trails. This in turn led 
to a whole new generation of nonaluminized propellants whose combustion 
instability characteristics are still being learned today. 

Returning to the scientific progress of the 1960s, some of the highlights 
included the following: 

1) The pressure coupled oscillatory behavior of different nonaluminized 
propellants using the T-burner was systematically compared. A more elu- 
sive goal of obtaining quantitative determination of pressure coupled re- 
sponse functions was achieved at a qualitative level. There was (and still 
is) considerable scatter in test results, and the translation of measured data 
to values of response function involves use of a combustor stability model 
that may introduce systematic error. Proper trends with frequency, pres- 
sure, and propellant variables seem to be produced. 

2) One-dimensional models for pressure coupled combustion response 
were developed, starting with the Hart-McClure model 21 and the Denison 
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and Baum model 22 ; see the review by Culick (Ref. 23). A somewhat dif- 
ferent approach was developed by Novozhilov. 24 

3) Acoustic models for combustor wave modes 25,26 and stability analysis 
for thin combustion zone conditions (isentropic gas motion, combustion 
only at the cavity boundaries) were developed by McClure and co-workers. 

4) The particulate damping theory 2027 and application to bulk damping 
trends for rocket motor situations were elaborated. (The results explained 
the observed stability with aluminized propellants at high frequencies, guided 
selection of other particulate additives to propellants to stabilize motors.) 

5) The concept of response functions to recognize more complex 
combustion-flow coupling evolved (the infamous "velocity" coupling, 28 ' 29 
distributed combustion, etc). 

6) The flow equations and stability analyses were generalized to accom- 
modate nonisentropic, three-dimensional, and complex combustion cou- 
pling effects (notably by Culick and Flandro; e. g., see Refs. 30-33). 

7) Important features of the steady-state combustion zone that are nec- 
essary to understand or model oscillatory combustion realistically were 
clarified (i. e., AP self-deflagration, aluminum combustion, etc). 

These and other important advances were well along in the late 1960s, 
but progress was slowed by decline in research support resulting from 
reduced NASA funding and by limitation of development program support 
of research, linked to imposition of state-of-the-art limitations on new 
development programs (reflecting a growing perception that propellant 
and motor design were "mature technologies"). 

Revitalization of Research Linked to Troubles in Development Programs 

The level of financial support for research on combustion instability has 
often been sensitive to the seriousness of recent encounters in development 
programs. The most dramatic example of this was probably in connection 
with the F-l liquid propellant engine for the Saturn vehicle. Estimates of 
direct expenditures for Cl on that program run around 25 million dollars. 
Such episodes always heighten the awareness that the Cl problem can be 
trouble for a development program, and that quantitative prediction ca- 
pability is still foreclosed by the complexity and diversity of the phenom- 
enon. In 1968 (Ref. 34), a combustion instability problem was encountered 
with certain deployed operational Minuteman motors. Such a problem was 
not unprecedented in weapon systems, but posed a serious situation in 
such a major weapons system until the motors at risk could be identified 
and modified. This encounter led the Air Force to greatly enlarge the 
research effort and enhance its in-house expertise. This had a major impact 
on research in the ensuing ten years or more. The team at the U.S. Air 
Force Rocket Propulsion Laboratory (AFRPL) (now Air Force Phillips 
Astronautics Laboratory) set as one of its goals the development of com- 
puter programs that could predict combustor stability of motors from input 
design information and response function data for the propellant (typically 
obtained from T-burner or other ballistic tests). Whereas the possibility of 
early, quantitatively correct calculations was not viewed as feasible by many 
investigators at that time, it was generally agreed that use of a standardized 
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calculation by all laboratories would lead to meaningful comparison of 
competitive designs and trends of stability with design variables, and the 
AFRPL-sponsored efforts led to realization of this goal. 35,36 In the mean- 
time, parallel efforts by various laboratories and all Services led to con- 
tinued clarification of outstanding problems that blocked quantitative 
prediction, including further efforts to correctly characterize the nature of 
combustion processes and their response to flow disturbances. In the late 
1960s and early 1970s, the efforts to achieve response measurements cen- 
tered around the following: 

1) measurement of response of aluminized propellants, which was dif- 
ficult in small burners because of high particulate damping, and because 
of interest primarily in low frequency oscillation for which available burners 
were ill-suited 37 ; 

2) measurement of response with a succession of new low smoke pro- 
pellants of novel formulations sometimes susceptible to instability; 

3) attainment of improved accuracy of measurements, reduced cost of 
testing, and interlaboratory reproducibility of measurements 38 ; and 

4) measurement of response to more complex gas motions [velocity 
coupling, etc. (see Refs. 40, 41)]. 

These issues will be discussed further in the following, but it is probably 
fair to say progress toward these four goals is still not sufficient in 1991 to 
meet the needs of quantitatively correct predictions of motor stability. 
However, the in-house "magicians" have evolved into, or been replaced 
by, highly trained combustion-fluid dynamics specialists. 

More About Laboratory Burners for Study of Combustion Instability 

The importance of perfecting laboratory scale experiments for estab- 
lishment of the stability characteristics of propellants was clearly seen by 
some investigators in 1957, as was the need to minimize the facility re- 
quirements and test costs. Whatever the test, it was desired to measure 
response over a range of frequencies and mean pressures so that charac- 
terization of a propellant usually required 15-50 tests (or more if repro- 
ducibility is poor, as it usually is). From the outset, certain goals came into 
conflict, such as 1) the need for a simple, describable interaction between 
gas motion and combustion (e. g., one-dimensional) in order to help in 
understanding results, and 2) the need to simulate relevant motor condi- 
tions. Initially, these two issues were superseded by a more practical one, 
i. e., getting oscillatory behavior at desired frequencies in a small scale test. 
This was accomplished by use of a small motor with internal burning charge, 
with a vent at the midpoint instead of the end [so located to reduce 
acoustic losses in axial modes (Ref. 11)]. Initial attempts at the NWC to 
use this center-vented burner with dual end-burning charges to give simple 
one-dimensional combustion flow interaction were unsuccessful 42 (no 
oscillations). Subsequent tests in a single end-burning configuration by 
Horton at the University of Utah showed oscillatory behavior in low pres- 
sure tests, 43 and Horton later joined the NWC team where an improved 
double-ended center-vented burner was developed and used extensively 
to characterize pressure coupled response of many propellants. 44,45 The 



(&AIAA 

ifoVhU^hmBhriinfBmkmlmfy Purchased from American Institute of Aeronautics and Astronautics 

8 E. W. PRICE 

double-ended center-vented burner became widely used, and procedures 
for its use were standardized by an effort organized by JANNAF. 38 Stand- 
ardization included development of a suitable stability analysis for center- 
vented burners that was needed to "back out" the combustion response 
from measured oscillatory behavior. This effort was led by Culick, who 
also wrote most of the resulting "T-burner Manual." (The center-vented 
burner became known as a T-burner for nontechnical reasons.) 

The center-vented burner has been the most widely used means for the 
bulk of testing of propellants for oscillatory combustion behavior (roughly 
50,000 tests), and a variety of modified designs have been developed to 
accommodate testing of aluminized propellants, 39 ' 46 ' 47 testing at frequency 
extremes, and testing oscillating combustion effects other than the pressure- 
coupled response given by the one-dimensional burner. 40,41 ' 48 Whereas 
these studies have given greatly increased insight, none of the designs fully 
meet needs for quantitative prediction of motor behavior. As a result, 
other test strategies have been developed to varying degrees, with goals 
of improved accuracy, lower cost per data point, and greater versatility. 49 ' 50 
Many of these strategies involved burners in which oscillations are not 
spontaneous, but instead are induced either by oscillating their inflow 
and/or outflow from the test vessel (causing spatially uniform or wave mode 
pressure oscillations), or by a pulse-decay method. Of these, the most fully 
developed are the following: 

1) the microwave burner, in which an end-burning strand of propellant 
burns in a small chamber that has a flushing gas flow oscillated by a rotating 
valve (the name of the burner derives from the method of measurement 
of burning rate oscillations, which uses microwaves reflected from the 
burning surface); 

2) the rotary valve burner, which uses a rotary valve to oscillate burner 
outflow (burning rate oscillations are inferred from the amplitude of the 
resulting pressure oscillations, and the burner uses a tubular propellant 
charge that experiences spatially uniform pressure oscillations); 

3) the impedance tube burner, in which the oscillations are generated 
in a wave mode by a sound source, and the combustion response is de- 
termined by its effect on the mode shape of the standing wave; 

4) the interrupted exhaust motor excited in axial wave modes; and 

5) pulse decay burners and motors in which some means of pulsed gas 
injection produces transient wave mode oscillations whose decay rate is 
used in a stability analysis to calculate combustion response. These tests 
have also been important for study of nonlinear instabilities, in which a 
small pulse produces a decaying oscillation, while a larger pulse may excite 
sustained oscillations. The pulse-decay method has been used extensively 
in double end burning center vented burners to get one-dimensional 
combustion-flow interaction with aluminized propellants. 46 ' 47 In most other 
configurations the method is intended to test for nonlinear instability, which 
occurs in more complex geometries with gas motions parallel to the burning 
surface. 51-58 

It is probably fair to say that the various burner experiments still do not 
meet the goal of quantitative measurement of combustion response, and 
the various methods have not been extensively compared (some have not 
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been fully evaluated with regard to reproducibility, absolute accuracy, 
range of accessible test variables, and capital cost and test cost). Some 
effort to consolidate the best features of more than one method in the 
same apparatus would probably lead to significant improvement. A major 
reduction in cost of tests is still needed. 



Rise and Fail of Velocity Coupling 

Among the many assumptions used in combustor stability computation, 
the most critical are those regarding the nature of the combustion process 
and its response to flow disturbances. This situation continues to the present 
because the combustion process is both complex and diverse, and because 
it is exposed to (and responds to) a complex and often undetermined flow 
environment that differs conspicuously as a function of location in the 
combustor. These complexities of the combustion-flow interaction were 
acknowledged in early research but were addressed simplistically out of 
necessity. Combustion zones were viewed as thin enough to be represented 
as boundary conditions in the analysis of the cavity gas oscillations. Thus, 
whereas early analyses treated the combustion oscillations as response to 
pressure oscillations (presumably analogous to the one-dimensional inter- 
actions in end burning burners), it was recognized that a more complicated 
interaction occurred where mainstream gas oscillations had components 
parallel to the combustion layer (the usual situation in motors). The os- 
cillatory response to the parallel component of such gas oscillations was 
viewed as analogous to the erosive burning effect observed in the presence 
of steady parallel flow. It was noted by McClure and associates 28 that such 
a response to parallel flow oscillations would give rise to the nonlinear 
stability condition noted above, where a system stable to small disturbances 
could exhibit growing oscillations in response to a larger disturbance. The 
kind of combustion-flow interaction involved became known as velocity 
coupling. This title reflected simplistic aspects of the acoustic analysis more 
than a view of the detailed interaction mechanism, which clearly required 
more rigorous description to correspond fully to the real coupling process. 
A great deal of time has been wasted since then arguing about the adequacy 
of the velocity coupling concept. At its inception, it was an obvious strategy 
to deal with the non-one-dimensional combustion-flow interaction in the 
context of the combustor stability analyses then in use, and the results led 
to a much better understanding of nonlinear axial mode instability. It was 
recognized as simplistic from the start, but it provided a means to under- 
stand the nonlinear axial mode instabilities observed in the Sub Roc and 
other development programs and in systematic studies by several investi- 
gators such as Brownlee, 51 Dickinson, 57 Roberts, 52 and Price 55 ' 58 in the 
1960s. Disillusionment with the simplistic velocity coupling concept that 
has emerged more recently 59 " 63 is related to recognition of the following: 

1) The flow effects responsible for nonsteady behavior previously at- 
tributed to velocity coupling are, in fact, due to a variety of flow behavior 
involving viscous, vortical, nonlinear, and turbulent processes which could 
not be addressed in the 1960s but are being considered now. 
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2) The simplistic velocity coupling strategy cannot describe the effects 
of all aspects of this complex flow, even qualitatively. 

3) Unless the real gas flow is correctly described, there is no hope of 
fully understanding the response of the combustion. 

None of these points are new. They were all accepted by the inventors of 
the velocity-coupled strategy but set aside in the interest of achieving some 
kind of rationalization in 1963 of experimental results that could not wait 
until 1988-1991 for explanation. Somehow in the dynamics of communi- 
cation, there evolved critics and defenders of velocity coupling. Its primary 
defense is that it predicts many attributes of combustor stability that cannot 
be predicted otherwise without recourse to very complicated arguments 
that have not yet been incorporated into Standard stability programs. 

Some efforts have been made to measure velocity coupling using suitably 
modified laboratory burners (Refs. 40, 41, 48, 59, 60, 64, 65). As one might 
expect, measurement is fraught with difficulties having to do with definition 
of what is being measured and production of appropriate flow environments 
at the combustion zone to measure it. 60 Measured results are usually based 
on the assumption that the combustion oscillations can be related to the 
velocity oscillations of the gas column as a whole rather than oscillations 
close to the burning surface (where most of the dynamic response is pro- 
duced). Systematic tests tend to give somewhat engimatic trends of velocity- 
coupled combustion response defined in this way, and many investigators 
have concluded that a more realistic definition and measurement of re- 
sponse due to parallel flow oscillations is necessary — one that addresses 
the state of the multidimensional mean flow and the multidimensional wave 
propagation in the mean flow, with due regard for viscosity, vorticity, and 
turbulence that affect flow in the region of the combustion zone. 63 ' 66-68 
In many situations, it may also be necessary to consider the combustion 
as distributed combustion of droplets or particles in the flow (with corre- 
spondingly more complex stability analyses and/or computation) . 

Some Lessons To Be Learned from History 

1) Combustion instability can happen to you. 

2) Just when you think you are on top of the problem, somebody comes 
up with a new propellant or combustor configuration that it is outside of 
your base of experience. 

3) Combustion instability is too complex and diverse to obtain a com- 
prehensive quantitative prediction capability (within reasonable resources). 

4) Existing prediction capability is based on relatively simple analytical 
descriptions of contributing processes in combination with experimentally 
developed response function data. The limitations in accuracy of this basis 
imply that quantitative predictions usually cannot be made outside the base 
of experience. However, the present prediction capability is useful for 
predicting stability trends vs input variables or for comparing designs. 

5) There is a tendency for "experts" to make and extend generalizations 
about stability trends or mechanisms outside the range of experience, a 
risk that such extensions will be incorrect, and a tendency for such gen- 
eralizations to impair the use or search for better information. 
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6) Combustor stability is determined by a balance of high damping and 
high amplification of flow disturbances. Moderate changes in either damp- 
ing or gains can lead to change from no oscillations to severe oscillations. 
This has led to frequent encounters with instability that resulted from 
apparently harmless changes in propellant, charge design, or test conditions. 

7) Knowledge of combustion instability is known to only a relatively 
smali portion of the solid rocket community, partly because it is difficult 
to learn. As a result, it is not effectively utilized and is always in danger 
of extinction. 

8) Level of research on combustion instability grew continuously from 
1941 to 1965 and has declined and fluctuated erratically since then. The 
level has often been sensitive to seriousness of encounters in major de- 
velopment programs. 

9) Research programs tend to cause focus on narrow ideas with a resulting 
loss of sight of the rest of reality. This is a natural consequence of the 
finiteness of individual efforts and the pressure for early success. The body 
of knowledge consists of a pile of such successes that quickly become 
published "truths" that further limit our thinking on the total reality and 
how best to deal with it [velocity coupling is a good example, useful in its 
time, but a barrier to (or diversion from) orderly attack on the relevant 
gas dynamic and combustion dynamic problems]. 

Important Research Needs (1991) 

This history of solid rocket motor combustion instability is a history of 
both practical experience and the research that has been motivated by the 
practical problem. The research has removed the mysticism and provided 
some rational approaches to anticipation, prevention, and remedy of in- 
stability. The complexity of the phenomenon and continuing evolution of 
propellants and motor design prevented complete success of rational meth- 
ods, but the state of knowledge allows identification of the most important 
needs for research. The following list identifies general research needs that 
emerge from the history and from many discussions of research needs. 

1) Learn more about the propellant combustion zone for all important 
propellants and pressures. Understanding and dynamic modeling of oscil- 
latory response of the combustion zone cannot be achieved until the com- 
bustion zone itself is properly characterized. An initial goal should be 
characterization of the combustion zone under steady conditions with no 
crossflow, but consideration must then be given to study under crossflow 
conditions that are normally present in motors. 

2) Learn more about steady and nonsteady flow in rocket motors, with 
a goal of correctly characterizing flow behavior in the region of the com- 
bustion zone. This necessarily requires consideration of mass addition from 
the walls, multidimensional, rotational, and viscous flow effects, and, in 
some cases, two-phase flow effects. 

3) Learn more about the dynamic (oscillatory) behavior of realistic com- 
bustion zones (combustion zones as revealed in item 1) in realistic flow 
environments (as in item 2). Do this by analysis, by measurement of de- 
tailed combustion zone behavior, and by measurement of bulk combustion 
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zone response. Develop a rationale for study that classifies each investi- 
gation relative to the total problem, e. g., is the goal to determine response 
of combustion zone details, or global response? If global response, will 
that be mass rate, composition, entropy, or other oscillations? Whatever 
response is sought, will it be under no mean crossflow or crossflow con- 
ditions? Whatever is decided about the previous three questions, will the 
response be relative to perpendicularly incident waves or waves with com- 
ponent parallel to the burning surface? Answers to these questions deter- 
mine how results can be applied and indicate how well the total needs are 
being met. 

4) Improve the accuracy and versatility of devices to measure response 
functions at greatly reduced cost per test and apply to systematic evaluation 
of effects of propellant variables (coordinated with mechanistic arguments 
for effect of propellant variables). Start with a review of the status of and 
experience with various methods, their cost and range of applicability; 
consider the possibility of combining strategies of different methods; and 
consider the extent to which the gas oscillations are known and relatable 
to relevant motor situations. 

5) Continue development of rigorous stability analyses, including ac- 
commodation of advances (especially in items 1,2, and 3). Strive toward 
more realistic theory, and, at the same time, strive toward engineering 
models and computer programs suitable for day-to-day use by nonspe- 
cialists. Develop clear guidelines for range of applicability of engineering 
models. 

6) Capitalize on progress to devise propellant formulation and design 
strategies to enhance combustor stability. 

Comments 

Preparation of an objective and comprehensive history of progress on 
transient combustion of solid propellants would be a monstrous undertak- 
ing, and this chapter falls short of that objective. I have written a sometimes 
subjective account of developments in the combustion instability problem, 
with which I have grappled for fifty years. I have tried to address the flow 
of developments and the factors governing the directions of progress. In 
the process, I have failed to credit important contributions and good profes- 
sional contemporaries, most of whom I know personally, and from whom 
I have learned much. I could not have chosen a more challenging and 
rewarding career field with more rewarding associates. I wish our old 
friends George Trubridge and Frank McClure had been available to help 
me write this chapter, and I am sorry it does not reflect the history of 
developments in the UK, France, USSR, and other countries. 
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Chapter 2 



Introduction to Nonsteady Burning 
and Combustion Stability 

Marcel Barrere* 
Office National d'Etudes et de Recherches Aerospatiales, 
92320 Chatillon, France 

Nomenclature 

a = speed of sound, m/s 

a d = pressure amplitude decay coefficient, l/s 

a g = pressure amplitude growth coefficient, l/s 

a ; = pressure amplitude growth coefficient due to ith process, l/s 

a x = pressure amplitude loss coefficient, l/s 

A = nondimensional parameter defined in Section 2.4; also thermo- 

dynamic property of the propellant reaction products 

A s = pre-exponential factor, cm/s 

A b = combustion surface area, cm 2 

B = nondimensional parameter defined in Section 2.4 

b = nondimensional coefficient defined in Section 2.2.1 

c = specific heat, cal/gK 

c c = condensed-phase specific heat, cal/gK 

c g = gas-phase specific heat, cal/gK 

C f = friction coefficient 

d = amplitude of throat modulation 

Da = Damkohler number 

E = nondimensional erosion factor 

/ = several functions defined in Section 2.1 

g = function defined in Section 2.1; also, parameter defined in Section 
2.2.4 

i = imaginary unit; also, ith term 

J = heat source, cal/g (defined and used in Table 1 only) 
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k = wave number in Section 2.3; also, parameter defined in Section 
2.2.4 

K = coefficient defined in Section 2.2.1 

i = characteristic thickness, cm 

L* = characteristic length of combustor, cm 

m = mass burning rate, g/cm 2 s 

M = Mach number 

M = average molecular mass of gaseous reaction products, g/mole 
n = ballistic or burning rate pressure exponent, defined by the law 

f b = ap" 

n s = pressure exponent in the pyrolysis law 
p = pressure, atm 

p 0 = initial amplitude of pressure fluctuation, atm 

p 1 = initial pressure in depressurization transient, atm 

p 2 = final pressure in depressurization transient, atm 

p ref = 68 atm, reference pressure 

q = energy flux, cal/cm 2 s 

r = parameter defined in Section 2.2.4 

r b = burning rate, cm/s 

r b,ret = r b(Ptei)> reference burning rate, cm/s 

R = 1.987 cal/mole K, universal gas constant 

2/1 = r b lr biXei , nondimensional burning rate; also, in Sections 2.2.2 and 
4.1, ratio of mass burning rate oscillation amplitude to pressure 
oscillation amplitude 

R p = propellant response to pressure fluctuations 

R u = propellant response to velocity fluctuations 

s = Laplace variable 

t = time coordinate, s 

t c = characteristic condensed-phase time, s 

t g = characteristic gas-phase time, s 

t s = characteristic surface layer time, s 

t ie = residence time, s 

t ss = characteristic time to reach steady-state temperature, s 
f th = characteristic time of condensed-phase thermal wave, s 
f de P = characteristic depressurization time, s 
t na = characteristic flame propagation time, s 
/ ign = characteristic ignition time, s 
T = temperature, K; also, period of oscillation, s 
r AP = activation temperature of ammonium perchlorate decomposition 
reactions, K 
= activation temperature of surface pyrolysis, K 
T f = end combustion temperature, K 
r re£ = 300 K, reference temperature 
^r,ref = ^(Pref)* reference surface temperature, K 
T 0 = initial temperature, K 

u g = gas velocity perpendicular to burning surface, m/s 
u s = threshold gas velocity parallel to burning surface, m/s 
u- = gas velocity parallel to burning surface, m/s 
V = combustion chamber volume, cm 3 
x = space coordinate, cm 
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y = acoustic admittance 

a = thermal diffusivity, cm 2 /s; also, exponent in Section 2.2.2 
(3 = burning-rate temperature sensitivity, l/K; also, exponent in Section 
2.2.2 

7 = c p lc v , specific heat ratio 

T = thermal responsivity cal/cm 2 Vs K 

Ah s = energy release at burning surface, cal/g 

e = p/p, nondimensional pressure fluctuation; also, nondimensional 

coefficient defined in Fig. 4 
e 1 ,e 2 = parameters defined in Section 2.2.2 
e s ,£ g = parameters defined in Section 2.3 
9 = nondimensional temperature 
X. = thermal conductivity, cal/cm s K 

(x = m/m, nondimensional mass burning rate fluctuation; also, param- 
eter defined in Section 2.2.4 
v = frequency, «/27:, Hz 
p = density, g/cm 3 
t = nondimensional time 
(p = phase, rad 
4> = thermal gradient, K/cm 
w = circular or angular frequency, rad/s 
D, = aW th , nondimensional circular or angular frequency 



Subscripts and Superscripts 



c 




condensed phase 


c, s 




at the burning surface from the condensed-phase side 


eff 




effective 


/ 




end combustion 


fla 




flame propagation 


g 




gas phase 


g, s 




at the burning surface from the gas-phase side 


i 




initial; also, ith term 


ign 




ignition 


/ 




limit 


mec 




mechanical 


P 




pressure 


re 




residence 


s 




burning surface 


th 




thermal 






steady state; also, average 






fluctuating 


— CC 




far upstream 



1.0 Introduction 

WHEN Professor Luigi De Luca asked me to write this introductory 
chapter on the nonsteady combustion and intrinsic instabilities of 
solid propellants, I at first felt honored and then began to have misgivings. 
I had, of course, helped write a page or two in the history of solid pro- 
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pellants, but there were other people more qualified than I am to write 
this chapter. Finally, I have accepted. Much research has been done in 
this field and any omissions are possible; the content of this chapter will 
be based on my own memory and judgment. 

Two scientists have helped me with their original ideas, in the furtherance 
of my work: Professor Martin Summerfield 2 and Academician Ya. B. Zel- 
dovich, 2 4 who emphasized the major physical phenomena affecting the 
sensitivity of the rate of regression to the various parameters in unstable 
operations of a rocket motor. I also learned a great deal from my friends 
Sol Penner, 5 Forman Williams, 6 and Paul Kuentzmann. 7 ' 8 There are a few 
other authors I would also like to mention for helpful writings and com- 
ments: Ryazantsev, Novozhilov, Price, Hart, McClure, Denison, Baum, 
Watermeier, Angelus, Horton, Coates, Brownlee, Culick, Beckstead, Ryan, 
and Green. Their work will often be described in this chapter. 

A short historical outline (Section 1.1) and survey of transient processes 
(Section 1.2) will help in putting the arguments treated in this chapter and 
the whole book in the right perspective from the temporal and technical 
standpoints, respectively. A full historical account is offered by Price in 
the introductory chapter of this book. A wide background material on 
transient burning of solid propellants, in addition to Refs. 1-8, is reported 
in Refs. 9-11; specialized overviews offered by this author are reported 
in Refs. 12 and 13. 

1.1 Historical Outline 

When intensive work on solid rocket motors was begun in the late 1930s 
and early 1940s, the goal of combustion specialists was to obtain predictable 
uniform surface burning of propellant "grains" and to start the burning on 
demand. "Igniters" were developed to produce rapid surface heating to 
establish self-sustained burning. The burning characteristics of early pro- 
pellants were less than ideal, and explosions of motors due to poor igniter 
design or unpredictable propellant burning were common at the outset. 
Often the propellant was recovered after explosions, and a "postmortem" 
showed that the burning surfaces were preserved, quenched by the abrupt 
pressure drop. 

Even after propellant quality was improved, it was found that burning 
was often erratic, sometimes going out (as if ignited incompletely) or de- 
veloping violent pressure excesses (as if something were going on that 
induced excessive burning rates). The violent peaks were later found to 
be associated with periods of severe oscillatory motion of combustor gases, 
at frequencies in the range of 5-50 kHz (too high to be measured with 
motor test instrumentation of that era). In the late 1940s both the self- 
quenching behavior and the behavior with pressure excesses were recog- 
nized as being combustor instabilities, i. e., instabilities of the coupled 
propellant combustion-combustor flow processes. An early analysis by Grad 14 
reflects this understanding and reveals the primitive state of transient com- 
bustion modeling at that time. 

More generally, the early experiences illustrated much of the transient 
behavior studied so extensively by earlier authors and in this book, in- 
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cluding start-up transients, combustor instabilities, and quench events. Ig- 
nition was a desired event that required careful design, whereas the other 
transient events were highly undesirable but were difficult to avoid because 
they are perfectly natural phenomena but were too complex to predict and 
avoid in new designs. 

In the 1940s basic science and computation was not sufficient for ad- 
dressing transient combustion-flow problems. Fortunately, the problems 
could be resolved in propellant and motor development programs by trial- 
and-error modification and testing of motors. Once successful performance 
was achieved over the required range of operating conditions, the remain- 
ing challenge for any particular program was to be able to duplicate the 
successful product in production. This did not lead to any design procedures 
that were generally applicable to future developments; hence, it was rec- 
ognized that efforts to achieve better understanding of transient behavior 
were important. This realization became increasingly clear in the 1950s, 
as the complexity and size of motors increased, with a corresponding es- 
calation of the cost of trial-and-error testing. The importance of under- 
standing continued to be underscored by encounters with unacceptable 
problems in motors ready for, or already in, production and/or service. 
These encounters, which impact the schcdule or serviceability of opera- 
tional systems, generally attract a great deal of attention and provide in- 
centive for support of the search for better understanding and better design 
principles. 

During the same time period, progress in the underlying scientific dis- 
ciplines (chemical kinetics, transient flow, high-temperature properties of 
materials, and computational methods) permitted increasingly realistic 
modeling of the transient phenomena, resulting in a body of literature 
reflecting progressive efforts toward increasingly rigorous description and 
measurement of a relatively intractable phenomenon, efforts in which un- 
desirable restrictive assumptions are still routinely made in order to facil- 
itate tractable description and modeling. This is reflected mostly clear in 
the difference in the ways that motor ignition, oscillatory combustion, 
quenching, and deflagration to detonation transition are treated. 6 They all 
depend on the same underlying microscopic and macroscopic chemical and 
physical processes, but in analytical modeling, judgments have to be made 
regarding which processes and boundary conditions dominate each kind 
of transient behavior, and experiments have to be developed to study the 
corresponding processes and behavior. Thus, a survey of the literature 
shows that specialized combustion sciences have evolved for these different 
manifestations of transient combustion. Until about 1970, many of the 
scientists in these different specialties were not literate in each others' 
specialties; this is a good indication of the differences of opinion concerning 
the dominant processes among these areas. This book may be the first 
publication in which the areas are set side by side for comparison. 

1.2 Types of Transient Processes 

Studies of transient combustion of rocket propellants can be classified 
in terms of the practical problems suggested earlier. These problems have 
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focused on the choice of experiments and analytical computational models 
in each area, to encompass the relevant processes and boundary conditions. 
Examples of the practical areas are 1) motor ignition, 2) thrust modulation 
or cut off , 3) unstable oscillatory combustion, 4) deflagration-to-detonation 
transition, and 5) unwanted initiation processes (friction, impact, electro- 
static, cook-off, etc). Progress in the resolution of the practical problems 
often depends on progress at the scientific level on constituent processes 
in chemical kinetics, fluid dynamics, etc, progress that generally contrib- 
utes to resolution of more than one of the practical problems. This book 
is concerned primarily (but not exclusively) with the dynamic response of 
the combustion zone of the solid propellant in the presence of stimuli 
imposed from the outside. This is the "propellant part" of the practical 
transient combustion problems. As noted earlier, because of the complexity 
and uncertainty about the details of the combustion process, the transient 
response is usually addressed in an approximate way, almost always in 
terms of one-dimensional models tailored to suit the kinds of propellant 
and practical problem under consideration. Common to all models is a 
concern for the characteristic times of different steps in the combustion 
proceses and how those times compare with each other and with the char- 
acteristic times of the overall combustor transient processes to which the 
combustion is coupled. Typical characteristic times of the combustion zone 
are 1) the time between molecular collisions in the gas phase, 2) the transit 
time through the gas-phase combustion zone, 3) the relaxation time of the 
thermal wave in the solid phase, and 4) the time to burn past an ingredient 
particle. Typical characteristic times of the combustor environment are 1) 
the time for decay of pressure in a depressurization event (or for pressure 
build-up), 2) the transit time of a mass element in the combustor (con- 
vection time), and 3) the time for a cycle of a cavity acoustic mode (prop- 
agation time of a pressure wave). 

In any practical transient problem, understanding and describing the 
problem usually depend on identification of those time constants that are 
short enough to permit quasisteady representation of the processes in- 
volved. Slower processes are then considered in transient form, with par- 
ticular attention given to the nature of their interactions. In a coupled 
combustion-combustor flow behavior, the whole combination of charac- 
teristic times must be considered. For example, 1) if the relevant charac- 
teristic time is long compared to the whole combustion process,then steady- 
state burning rate can be assumed; 2) if the combustor transient is in the 
0.01-0.001 s, then the gas phase of the combustion zone may be nearly 
quasi steady but the accommodation of the thermal wave in the solid is 
nonsteady; and 3) if the combustor transient is around <0.1 ms, then all 
of the processes in the combustion zone may have to be treated in transient 
form (although the slowest may be "frozen"). These points will be elab- 
orated in the following sections and reflected in the choices made in mod- 
eling throughout the book. 

1.3 Plan of Presentation and Objectives 

In this introductory chapter, often no net distinction is made between 
the experimental and theoretical aspects because the two are intermingled 
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and will become increasingly so as new theoretical models appear with 
time, requiring validation by experiments. 

The first problem that arises is the response, or transfer function, of the 
burning propellant to pressure fluctuations and to the velocity of the burned 
gases along the propellant surface during combustion. Once this transfer 
function is determined, it becomes possible to deal with problems of rocket 
motor operation in the transient state (i. e., during propulsion system ig- 
nition or flameout). This response is also at work in pressure instabilities 
or modulations and therefore when the rocket thrust is modulated. Thus, 
this chapter will include three main parts: 1) transient combustion of solid 
propellants (Section 2.0), 2) grain ignition (Section 3.0), and 3) combustion 
instabilities (Section 4.0). The ignition and flameout phases relate to the 
laws of transient combustion; the main results of these laws, although they 
may be addressed in the present work, would be easier to find in the 
specialized literature. 

The combustion phenomena at play in the unstable operation of rocket 
motors are complex because, in addition to their nonsteady character, they 
also sometimes include three-dimensional effects due to the heterogeneity 
of the propellant, and the amplitudes and nonlinearity of the fluctuations 
give rise to further difficulties in analyzing and understanding these phe- 
nomena. Combustion nonlinearity and unsteadiness are discussed in Chap- 
ters 14 and 15 of this book, and fluid dynamics nonlinearity and unsteadiness 
are discussed in Chapters 18 and 21. 

Such combustion instabilities have hindered the development of solid 
fuel rocket motors all along (e. g., see Chapter 19). Thus, it is important 
to predict them, but it is even more important to develop ways of elimi- 
nating them, by modifying the propellant composition or the grain ge- 
ometry (for details, refer to Chapters 17 and 20). 

2.0 Transient Combustion of Solid Propellants 

In my early studies, recordings of the chamber pressure in solid fuel 
rockets indicated irregular combustion. These instabilities, which often 
caused the destruction of the rocket motor itself , could not be explained 
by an increase in the combustion surface or in the mass burning rate, by 
an erosive effect, for instance. On the basis of such observations, it became 
obvious that the pressure fluctuations observed in the chamber originated 
in the combustion process itself and in the interactions of pressure waves 
on the combustion process. 

It is easier to analyze the burning of a propellant in transient regime if 
we first conduct experiments to determine the propellant response, or 
transfer function. This is conventionally done by fluctuating a given pa- 
rameter, such as the combustion chamber pressure, by steps (Section 2.1) 
or by modulation (Section 2.2). The intrinsic combustion stability of burn- 
ing solid propellants is treated in Section 2.3. 

2.1 Pressure Steps 

Both negative and positive steps can be effected. Because of the possible 
occurrence of dynamic extinction, experimental and theoretical studies on 
negative pressure steps are much more common. 
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2.1.1 Negative Pressure Step 

The first experimental method consists of creating a negative pressure 
step by stopping combustion. This is done by suddenly removing the con- 
striction of the rocket nozzle, thereby rapidly depressurizing the combus- 
tion chamber. It is another matter altogether to get a positive pressure 
step, i. e., one that raises the chamber pressure by igniting the propellant, 
because the pressure rise in this case is slower. That is, the igniter first 
begins transmitting heat before the combustion event starts, and then the 
flame has to advance along the grain. 

There have been many negative-step tests on propellants, starting in 
1960 (e. g., the works of Ciepluch 15 (1961), Von Elbe 16 - 17 (1963), Cohen 18 
(1966), Marxman and Wooidridge 19 ' 20 (1968), and the experiments by Mer- 
kle et al. 21,22 (1969). The device commonly used to obtain the sudden 
opening of the chamber is quite simple. The burner is fitted with two 
nozzles. The throat diameter of the first, N ls is such that it keeps the 
chamber pressure at its normal level, whereas the other nozzle, N 2 , has a 
throat diameter corresponding to the low pressure level. Figure la diagrams 
the ONERA device, with the two nozzles in series. The narrow nozzle, 
N 1? is blown out by explosive bolts, so that only the wide nozzle remains. 

This method has been used to study burning rate variations of different 
radial- and front-burning grains. The pressure step from p x to p 2 is con- 
trolled by choosing the right throat sections for the two nozzles. Sometimes 
when the difference between p 1 and p 2 is too large the combustion process 
is different at pressures p 1 and p 2 , making it difficult to evaluate the burning 
rate laws in the transient state. This is particularly true for composite solid 
propellants. 

The technique used at Princeton by Summerfield and co-workers 21,22 is 
similar, with two nozzles of different throat diameters (Fig. lb), but the 
switch to the larger one is obtained by bursting a diaphragm. 

The aforementioned two processes are used to obtain a negative pressure 
step. Much experimental data have been generated by recording the time 
variations of this pressure drop. In general, the curve is of the form p{t) 
- P2 + (Pi ~ Pi) ' ex P (~ */ f de P )- This is the simplest way of proceeding, 




Fig. la Rocket motor with two nozzles. 
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Fig. lb Variable area combustor for depressurization tests. 21,22 



and it enabled me to understand the mechanism of propellant combustion 
in the transient state and to make some headway with theoretical models. 

The most significant experimental results concern the effect of the type 
of propellant (homogeneous or heterogeneous), the extinction conditions, 
and the importance of the depressurization rate dp/dt as a function of the 
initial pressure p 1 (e. g., see Fig. 2). The classification into extinction and 
nonextinction results depends on the nature of the propellant (e. g., the 
heterogeneity of the combustion surface). The experimental results are 
disparate and often do not agree with theory. This is due to the difficulties 
of the model which is, in general, monodimensional, whereas combustion 
is three-dimensional. 

2.1.2 Pressure Pulse 

The purpose of this rarely used technique is, above all, to trigger the 
natural instabilities of a normal burner. For a T-burner, for instance, the 
technique is used to trigger the longitudinal mode or, in certain configu- 
rations, the tangential mode (see Section 2.2.1). 

A burner that was designed in the Soviet Union is diagrammed in Fig. 
3. A combustor (a) containing the propellant is open to tank (c) through 
a conventional nozzle. A piston (b) moves quickly in the direction of the 
arrow, stopping the burned gases from flowing into the reservoir. This 
increases the pressure in the rocket motor somewhat as the piston descends, 
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Fig. 2 Required depressurization rate for extinction: experimental and 
theoretical results. 2122 



and then more abruptly when the head of the burner is closed off and can 
no longer evacuate. This has all the trappings of a method to produce a 
positive pressure step. 2 

2.1.3 Analytical 

The previously mentioned experiments, which were in some cases com- 
plemented by an average flux measurement, have made it possible to move 
the theory forward and predict the burning rate in the transient regime. 
For a period of time, the familiar steady-state burning rate was used: 

r b (p,T 0 ) = ap" exp[CT p (T 0 - T ref )] 
where p is the steady combustion pressure, T 0 the initial temperature of 
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the propellant grain, and u p the propellant temperature sensitivity. Steady- 
state burning rate and temperature sensitivity of solid propellants are dis- 
cussed in Chapters 3 and 4, respectively. 

The first expression for the burning rate in the transient regime during 
depressurization of the burner was established by Von Elbe 1617 and led to 
the following equation: 



»(0 



1 + 2-^-=f 
P(t) r 2 b 



dt 



where a c is the condensed-phase thermal diffusivity, / th = a c lr\ is therefore 
the characteristic condensed-phase time (a period of time related to the 
penetration of heat into the retreating solid during combustion at an av- 
erage rate r b ), and t mec = df/d &p(t) is a mechanical time related to the 
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burner depressurization. Da = t th /t mec , the thermal time ratio with me- 
chanical time, is therefore a parameter characteristic of the overall phe- 
nomenon and modifying the transient burning rate r b {t) according to 

r„(t) = r„[l + 2nDa] 

This is the approach many researchers used in publications up to about 
1970; but in 1969 Merkle et al. 21,22 showed that this model was not quite 
right and that it was difficult to predict the pressure variation during de- 
pressurization and establish an extinction criterion. The error stemmed 
from the way the thermal condition at the propellant surface during com- 
bustion was formulated. The surface regression rate in transient regime 
can be described by an Arrhenius law of the form 21 - 22 

r b {t) = A s cxp[-TJT s (t)] 

depending on the time through the surface temperature T s (t), where T as 
the activation temperature of the pyrolysis law. The time-varying temper- 
ature T s (t) is determined by the energy balance at the surface. The ex- 
tinction condition is obtained for an assigned limiting surface temperature 
T sA . It is assumed that the flame no longer exists for T s < T s l . This limit 
value depends on the nature of the propellant. Figure 4 illustrates this, 
clearly showing the variation of the nondimensional surface temperature: 

s,w - 

1 s,tef 1 0 

and of the nondimensional burning rate R nd (t) = f b (t)/r biei as a function 
of the nondimensional time t = t/(a c /r b ret ). This figure clearly shows the 
limit of ©^(t) at extinction, where abruptly R nd {-x) = 0. 

This extinction model already included the Krier, T'ien, Sirignano, and 
Summerfield (KTSS) scheme of flame structure, in which the heteroge- 
neous aspect of composite propellants is considered. The concept of a 
different surface temperature variation in the transient and steady or quasi- 
steady regimes was gradually improved thereafter by Professor Summer- 
field and his students (chiefly, L. De Luca) who analyzed the surface in 
detail. This analysis, 23 - 24 including the variation in the thermal radiation 
during the ignition and extinction processes, discriminates between a static 
and a dynamic contribution to the variation of © s (t). The static contri- 
bution, also responsible for nonlinear combustion stability, is represented 
by the term_/[© 5 - ® s (t)]; the dynamic contribution is represented by 
the term g[& s - ® 5 (t),t], also an explicit function of t. In both terms 
®s = © S ( T = 0), such that overall 

^ = m - e,) + g (& s - ©„t) 

In 1974, T'ien 25 formulated the extinction criterion for a sudden decrease 
in pressure. He emphasized that the heat loss was due to both static and 
dynamic effects and concluded that the combustion is stopped when the 



(&AIAA 

iLtVhU^hnMhriinfBwkmUfy Purchased from American Institute of Aeronautics and Astronautics 

INTRODUCTION 29 

r, e 5 



1.0 

E 



0.6 



0.4 





\ 6* (r) 




\ \ 


i Extinction 
l 


\ 


\ 

\ 


\r (t) 


\ 

\ 




\ 




\ 




V 


, i 


*= . r»- 


10 


20 30 
Nondimensional time, (t) 



Fig. 4 History of surface temperature and burning rate during rapid 
depressurization. 

regression rate of the solid is less than the rate that leads to an unstable 
burning rate. This is also the argument put forward by De Luca, 26 although 
he arrives at it differently; interested readers can find relevant details on 
this matter in Chapter 12 of Ref. 11. 

At the same time this view was developing, with its emphasis on surface 
temperature during extinction, similar research was being performed in 
the Soviet Union 27 31 to determine the mass burning rate of solid propel- 
lants in the presence of a variable pressure, but on the basis of the ideas 
of Zeldovich expressed in 1964. 2,3 Just as Summerfield's ideas spawned a 
considerable amount of research, Zeldovich's ideas were also a germinal 
source of many publications, (e. g., Librovich et al. 27 ~ 30 ). Interested readers 
will appreciate the detailed presentation of Soviet research authored by 
Novozhilov in Chapter 15 of this book. 

Surface temperatures are very important, as Table 1 (Refs. 2 and 3) 
indicates. This table gives, for a Soviet double base (powder H) burning 
steadily at three different values ofpressurep, r b , T s , the penetration length 
of the heat into the solid phase ( c and into the gas phase € g , the corre- 
sponding times t c and t g , and the thermal flux at the gas interface A. g 4> g , 
in which 4> g = (dT/dx) gs . This table clearly shows the role played by 
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Fig. 5 Temperature profile during solid-propellant combustion. 



T s and the temperature gradients <J> C and $ g . The thermal flux \ c <j> c (absolute 
value) depends on T s , on the unit mass flow rate m = p c r b , and on the 
initial temperature T 0 of the solid. The temperature distribution through 
the combustion wave is given in Fig. 5, and the thermal gradient in the 
solid near the surface can be expressed as 

$ c = ^ (t s - r 0 ) 

a. 



Table 1 Characteristic parameters of the solid and gas phases during 
combustion of a double base 2 3 
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This can also be written for the transient regime. The regression rate r b is 
a function of p and 4> c , so that the r b (p,$ c ) domain can be divided into 
steady and nonsteady regimes delimited by some critical 4> c value, corre- 
sponding to extinction and to d$ c /dT 0 = 0, at some particular initial tem- 
perature T" 0 . Solutions for the propagating combustion waves exist only if 
the temperature gradient at the burning surface does not exceed this critical 
<j> c value, identified by the simple condition (3(7^ - T 0 ) = 1, where (J = 
(d /kr b /dT 0 ) p represents the familiar burning rate temperature sensitivity 
((j p in the Western literature). This condition, also corresponding to a 
maximum value of $ c , determines the boundary between a stable com- 
bustion condition and an unstable one. For <j> c < 4> c , max there are two values 
of burning rate corresponding to the same surface temperature gradient, 
but only the higher values are stable and thus physically realistic. In tran- 
sient regime the two relations yielding the regression rate r b and the surface 
temperature T s depend on the pressure p and on <J) C : 



Based on the pioneering work of Zeldovich, 23 this method was further 
developed and strengthened by Novozhilov and co-workers. 27 30 According 
to those authors the unsteady burning rate is related to the gradient 4> c by 



Many Soviet publications have improved on this overall approach, incor- 
porating various effects such as radiation and lateral gas velocity. 

A note published in 1973 discusses interesting similitude relations ap- 
pearing in transient regimes of solid-propellant combustion. 31 But despite 
repeated efforts, as this chapter indicates, the complex problem of pressure 
driven unsteady burning has not yet been completely solved. Nonetheless, 
the contributions made by Summerfield and Zeldovich were of great im- 
portance. The wide variety of propellants complicates things, but also the 
acceleration of the burned gases as the pressure changes in the chamber 
brings out the three-dimensional character of the flow during transient 
operation. 

2.2 Pressure Modulation 

The chamber pressure can be modulated at a determined frequency using 
a suitable burner. The two methods most widely used are the T-burner 
(see Section 2.2.1) and burners with modulable outlet section (see the 
modulate nozzle in Section 2.2.2 and the rotary valve in Section 2.2.3). A 
full survey of these experimental test methods is offered in Chapter 17. 



r b = r b (p,<\> c ) 



and 



T s = T s (p,$ c ) 
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2.2.1 T-Burner 

The T-burner, designed by Price et al. 32-36 (1959), is diagrammed in Fig. 
6. It consists of a cylinder whose length can be changed from test to test, 
with the propellant at both ends, burning cigarette fashion. The nozzle is 
in the center of the cylinder, and the flow is directed out of the cylinder 
perpendicular to its axis, into a large reservoir. The heat added by com- 
bustion at the bases of the cylindrical combustor cavity is in phase with 
the pressure fluctuations, in conformity with the Rayleigh's criterion, and 
can sustain the combustion instabilities in the longitudinal acoustic mode. 
The frequency is determined by the length of the combustor conduit oc- 
cupied by the burner gases. A pressure transducer senses the pressure 
fluctuations. 

Generally, after the grain is ignited, the pressure oscillations grow ex- 
ponentially up to a certain amplitude; the magnitude of this growth will 
depend on the nature and configuration of the propellant. The amplitude 
then decreases exponentially, as the pressure p is of the following form: 

p = p + p 0 e a 'e iu " 

with a = a g > 0 during the rise and a = a d < 0 during the decay. The 
initial amplitude of the pressure fluctuation p 0 varies according to the 
position in the chamber, whereas p, w, and a are independent of the 
position. 

The coefficients a = a g + a d are determined to account for the effect 
of the damping due to the burner configuration (nozzle) on the combustion 
and of the heat losses in the burned product and through the wali. This 
contribution of the combustion to the oscillations gives a measure of the 
acoustic admittance y. The real part of y is 



Re{ >} = - 




These experiments determine the response of a given propellant to a 
pressure fluctuation of the form p = p 0 e a 'e'"". By unidimensional analysis 



Propellant 




Fig. 6 T-configuration rocket motor with center-vented and end-burning 
propellant charge. 
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of pressure-coupled combustion, and for a thin flame, a linear relation is 
established between the combustion response: 



mim 
p/p 



e 



and the coefficient a determined by experiment: 

The coefficient K depends on how the combustion phenomena and 
the hypotheses are modeled. This method determines the response of dif- 
ferent propellants to a pressure fluctuation and can be used to localize that 
domain in which it is least sensitive. The results in Fig. 7 for three plastic 
binders represent the response 9i p = (jl/e as a function of nondimensional 
frequency. The instabilities here were initiated by a pressure pulse in the 
burner. 

2.2.2 Burner with Modulated Nozzle Section 

In 1968, ONERA began developing a burner for use in determining the 
transfer function of propellants under the real rocket motor operating 
conditions. 38 This burner is a conventional one that will accept different 
grain configurations (i. e., axial or radial burning). The only special feature 
is that the nozzle throat size is variable. This is done by partially obstructing 
the nozzle with teeth set on the edge of a spinning modulator disk, thereby 
varying the throat area, as shown in Fig. 8. The modulation frequency can 
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Fig. 7 Response of a solid propellant in function of pressure fiuctuations. 
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Fig. 8 ONERA modulated nozzle burner layout. 4 



be changed, but it is always constant for a given test. The pressure is 
measured, and from this we can find the transfer function. Comparing f re 
of the burned gases in the combustor with the modulation period T and 
the visualization through a window in the burner, we can define the type 
of instability (i. e., determine whether it applies to the entire combustor 
or if there is also an acoustical wave propagation) . When the period T is 
greater than t Te , there is no phase difference between the signals recorded 
along the combustor; thus, the mass balance gives a variation of p/p for a 
fluctuation A,/A, at the throat. 

The sinusoidal modulation of the throat allows A,IA t = de'°", inducing 
a pressure fluctuation p/p = be'^ -•<*)]'-*]. Since the response of propellant 
to a pressure fluctuation is Sft p = (mlm)l(plp), an elementary linearized 
analysis separates the real part R p ce from the imaginary part R Ptim : 

Re(Stp) = 1 + (d/b) cosipe-"' + af re 

Im(9y = (d/b) sincpe"*" + u>; re 

The response of many propellants has been determined by this approach, 
as has the importance of their various components. 

By linearizing, we can see the effect of gas velocity w» along the surface. 
The response is expressed as 

(m/m) = R p (p/p) + ku (u>Jw) 

The pressure velocity coupling has not been analyzed in as much detail 
and is an important point of the present study. The steady-state laws are 
generally used, and a threshold velocity u s is added, as Culick does [see 
Ref. 75 in Section 4.2], below which the velocity effect is not felt. Culick 
admits that any fluctuation of u indeed results in a pressure variation such 
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that 

(p/p) = fctaflwj - w») 

where 

= 0 when 
= 1 when 

and 

e 2 = 0 when 
= 1 when 

This idea of a threshold velocity in nonsteady regime seems questionable 
to us, and in any case there is no doubt that u s is very different in the 
transient state. 

It seems more reasonable to come back to the transfer conditions in the 
boundary layer with parietal injection, as Zeldovich et al. 2 - 3 do, by intro- 
ducing an erosive term E: 

e = 

Since the response time is short in the gas compared with the solid, the 
heat flux on the gas side can be modeled by a law of the form 

q g , = a(p g u..r(T f - T s y 

where the exponent a = 0.8 corresponds to the turbulent state and the 
exponent p < 1 depends on the heat transfer due to parietal injection. 
Linearizing, the fluctuation of q g s at the wali corresponds to 

q g , s \Pg m»/ T f - t s 

The modulated-exhaust burner is simpler than the T-burner because the 
loss evaluation does not depend on the length of the burner. To make the 
measurements easier to interpret in terms of response, experiments were 
organized around the longitudinal modes of the burner. The flow could 
then be analyzed unidimensionally, which greatly simplifies the calcula- 
tions. Finally, considering the limits inherent in a totally modulated op- 
eration, the measurements were interpreted on the basis of the natural 
damping of the burner, as in the case of the T-burner. 

This leads us to the concept of a burner that is periodically destabilized 
by a partially toothed wheel, excited near its fundamental longitudinal 
mode, and damping naturally after the teeth pass by. This concept has the 
following potential advantages: 

1) The thermal losses, which contribute considerably to the acoustical 
loss in the T-burner, are minimized here by adopting a radial-burning grain, 
which is also more representative of a real rocket grain than the T-bumer is. 



- e 2 (|wj - u)] 

|w»| < u s 
\u\ > u s 

< u s 
|u»| > u s 
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2) The acoustical loss due to the T-burner vent is eliminated, but is 
replaced by a nozzle loss, which has the advantage of being relatively 
predictable. 

3) The burner is destabilized periodically, so that a large amount of data 
can be collected during a given test, whereas the principle of the T-burner 
limits it to a damping measurement. 

4) The setup can be autonomous since no pressurization system is needed. 
It also offers extensive possibilities of excitation adjustment. 

2.2.3 Rotary Valve Burner 

The rotary valve burner was invented by Brown and Waugh (e. g., see 
Ref. 44) to study the response of a propellant to a coupled gas pressure- 
velocity fluctuation. The burner is diagrammed in Fig. 9. It includes two 
series of orifices in a rotating graphite cylinder that alternately open and 
close two openings at either end of the grain of propellant. 

By this method, the response functions of a given propellant are deter- 
mined by unidimensional analysis. As for the modulated exhaust method, 
the best accuracy is obtained when the modulation frequency is close to 
the acoustical frequency of the combustion chamber. The results are similar 
to those obtained with a T-burner, although the response is greater in some 
cases. Details are given in Chapter 17. 

2.2.4 Analytical 

The classical approach to study combustion forced by harmonically vary- 
ing pressure resorts to a description of all stages of combustion (including 
the gas phase), followed by linearization of the instantaneous balance equa- 
tions describing the time evolution of variables. This approach is fully 
discussed in Chapter 18 by Culick and Yang as well as in the final Chapter 
21 by Price and Flandro. Extension of the approach to combustion driven 
by harmonically varying thermal radiation is discussed in Chapter 14, and 




Graphite 
rotor sleeve 



Fig. 9 Rotating valve apparatus Iayout. 
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its translation in terms of the Zeldovich-Novozhilov method is discussed 
in Chapter 15. 

Based on the pioneering work by Hart and McClure 45 and Denison and 
Baum, 46 Culick 47 proposed in 1968 the following general two parameters: 

^ = nAB + n s (s - 1) 



" s + A/s - (A + 1) + AB 

where n is the exponent of the steady-state buming rate pressure depend- 
ence, and n s is the pressure exponent in the buming surface pyrolysis 
assumed to be of a more general Arrhenius form: 

r b = A s p"- exp(-T as /T s ) 

and the Laplace variable s = [1 + V(l + 4/fl)]/2 is the solution with 
positive square root to the second degree algebraic equation: 

s 2 - s - m = o 

where SI = w • f th with t th = a c /r b 2 (see Section 2.1.3). 

The two important nondimensional parameters are A, which is related 
to the pyrolysis kinematics, and B, which is related to the energy released 
at the propellant surface. These parameters are defined as 

,4 = |1-SU 



and 

B = (c g /c c ) - (T 0 /T s ) - [Ah s /(cX)] 

where c g and c c are respectively the specific heat of the burned gas and of 
the propellant, respectively. 

Figure 10 (cf. Ref. 13) indicates the variations of the real and imaginary 
part of 2ft p as a function of the frequency v = w/2-it for A = 10 and two 
values of B(B = 0.62 and 0.65). A maximum is observed for the real part 
of R p at the frequency of maximum propellant sensitivity. This application 
brings out the importance of B for the maximum sensitivity. A detailed 
discussion for composite solid propellants is reported in Ref. 48. 

Similar computations can be made in the framework of the Zeldovich- 
Novozhilov method. The propellant response to velocity fluctuations, de- 
fined as 

p/p 



being 



w, c p 
M = — and 7 = - E 
a c„ 
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Fig. 10 Variation of real and imaginary parts of the response of the solid 
propellant in function of the frequency. 13 



is expressed in a simple way. Introducing the steady-state unit mass flow 
rate m = p g u g and the parameters 

_i ( df s 

»~T S - T 0 \d &p) J 
d Ap ' 

£Ei\ 

dTj 1 



P 

c c T s — T 0 



c s T f 
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one finds 27 ^ 30 that 



( 



1 + 



8 
k 



) 




where 



n + (nr — ^k) (s — 1) 



■p 



1 + r(s - 1) - k(s - l)/s 



is the Zeldovich-Novozhilov counterpart of the familiar propellant com- 
bustion response to pressure fluctuations given earlier in the Standard Cul- 
ick's formalism. 

2.3 Intrinsic Combustion Stability of Solid Propellants 

The physical aspect is only concerned with the intrinsic combustion sta- 
bility of a solid propellant, since no coupling exists with externally mod- 
ulated forcing terms (pressure, thermal radiation, etc). 36,37 This problem 
also can be studied based on a description of all stages of combustion 
(including the gas phase; see Chapter 14) or on the Zeldovich-Novozhilov 
method. Many Soviet works have been published in this field, on the basis 
of two relations: 



which are the relations given in Section 2.1.3, but the regression rate of 
the solid r b is replaced with the unit mass flow rate m = p c r b , where p c is 
the specific mass density of the propellant. The most updated and complete 
review in this area is presented by Novozhilov in Chapter 15. 

An interesting study in the framework of Zeldovich-Novozhilov method 
was offered in 1984 by Higuera and Linan 49 starting with the temperature 
distributions to either side of the burning surface (the solid phase and the 
gas phase), on the basis of the heat propagation equations for the two 
media. The combustion stability of a solid propellant subjected to non- 
planar disturbances depends on two nondimensional steady-state param- 
eters, one for the solid: 



where m s is the mass burning rate as a function of the surface temperature, 
and one for the gas: 



m = m{$ c ,P) 



and 



T s = T s ($ c ,p) 





and ntf is the mass burning rate as a function of the final combustion 
temperature. 
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Solutions exist if the dispersion equation relating the nondimensional 
frequency fi and the wave number k is satisfied: 

e 2 ft 3 + [e 2 k 2 + (1 + e g )e s - (1 - e g ) 2 ]n 2 + (2e s F + e g )Cl + k 2 = 0 

Particular cases are the results of Denison and Baum 46 and Zeldovich- 
Novozhilov 2,3 ' 27 30 for planar disturbances, and those by Crespo and 
Kindelan 50 for e g « 1. The original Zeldovich model, [Ref. 2] in which 
surface temperature is constant, is recovered for e s = 0. The nonplanar 
stability problem in the framework of Zeldovich-Novozhilov method (var- 
iable surface temperature) was studied by Makhviladze and Novozhilov in 
1971 (Ref. 28). 

Two parameters seem to stand out in a linearized analysis, 1/e s and 1/ 
E g , factors that characterize the temperature sensitivity of pyrolysis and 
gas-phase reactions, respectively . Overall, the nonplanar results of Higuera 
and Linan 49 generalize the planar results of Culick 47 by replacing two 
parameters A and B, respectively, with e s _1 and £g _1 . The stability domain 
is shown in the e s ~ 1 , ~ 1 graph of Fig . 1 1 for k = 0 (planar perturbations) 
and k =h 0; nonplanar perturbations are seen to somewhat restrict the 
stability domain. Special attention should be paid to the limit e g — ► 0, 
corresponding to a high activation temperature in the gas phase: a wave 
appears with a nondimensional frequency of approximately (e g ) 1/2 - 

3.0 Grain Ignition 

The ignition phenomena 51-62 of a solid propellant depend on the pro- 
pellant response, which we have just studied, and an additional memory 
effect due to heat added to the grain by the external energy source used 
for ignition. Ignition research can first and foremost be classified according 
to the way this energy is physically applied to the surface (i. e., by radiation 
or convection). A radiative ignition device would use the image of an 
electrical light source or furnace, or a power laser. A convective igniter 
would be an inert hot jet, or a shock wave, sweeping across the grain or 
striking it head on. 

3.1 Background and Historical Survey 

Many papers have been written on the ignition of composite or homo- 
geneous propellants, on the scale of a sample 51-60 or of an actual grain in 
a rocket motor 60-62 . Scientists who have made the greatest impression on 
me are Summerfield, Baer, Ryan, Keller, Price, Inami, Thomson, Mer- 
zhanov, De Luca, Lengelle, and Di Lauro. High-performance igniters have 
been developed on the basis of these works, as the phenomena analyzed 
in the laboratory are closely related to those found in rocket motors. 

The stages of ignition can be represented by characteristic times. When 
the surface of a propellant is exposed to a heat flux, a thermal wave is 
propagated through it. The 7^ rise. The degradation reactions of the pro- 
pellant are slow at first. The surface temperature follows a regular rise as 
a function of time, and, when it reaches a certain level T s ign , a flame 
appears. The degradation reactions are temperature-sensitive. They de- 
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Fig. 11 Stability domain in the plane e^ 1 vs 1 (Ref. 49). 



velop and eventually become an exothermal process (in condensed and 
gaseous phases), thereby adding to the external heat flux. The ignition 
time t ign is a characteristic quantity of the ignition process. 

A flame then takes hold with enough strength to sustain the combustion. 
That is, a point on the surface reaches a steady-state temperature at the 
end of a characteristic time t ss . The flame then has to propagate over the 
entire propellant surface and, for a given geometry, this is characterized 
by a propagation time f fla . These three times (f ign , t ss , and t a J characterize 
the ignition process. 

The rise in T s can be detected, as can the flame appearance, and from 
these, t ign can be measured clearly for composite propellants. This is more 
difficult with homogenous propellants, but it is possible when the right 
(infrared) receiver wavelength is chosen. Many systems have been pro- 
posed to detect the appearance of the flame. Figure 12 gives, for a com- 
posite propellant, the results of Baer and Ryan 52,53 and the results of 
ONERA researchers (Ref. 60 and paper 3 in Ref. 10), showing the vari- 
ations of V(f ign ) as a function of the effective external flux 4> eff . 




The following main conclusions can be drawn from previous work on 
composite propellants: 

1) The way the ignition heat is added does not affect the ignition time 
of practically used composite propellants. 

2) The pressure level has little effect over a wide range of values. 

3) The degradation reactions are those characteristic of ammonium 
perchlorate. 

The decomposition reactions of composite propellants can be repre- 
sented by an Arrhenius law, giving the surface temperature at ignition, of 
the type (Refs. 52 and 53 and paper 3 in Ref. 10). 

where T AP is the activation temperature (about 12,000 K) of ammonium 
perchlorate decomposition reactions, B is a preexponential factor, and 4> eff 
is the effective external heating flux assumed constant. 
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In the simplest case of a constant external flux, the composite propellant 
ignition law takes the form 

^, ig n = ? ^ [^ap A(fi/* elf ) - r 0 ] 

2 4>eff 

corresponding to the straight line drawn in Fig. 12 (cf. paper 3 in 
Ref. 10). 

The idea of a surface temperature at ignition can be extended to many 
propellants. Fluxmeters have been developed at ONERA (e. g., see paper 
3 in Ref. 10 for example) to measure the time variation of the radiative 
and convective flux during the ignition process itself , and this development 
has pushed out the envelope of our understanding of ignition of grains of 
complex geometry. 

Igniters that spray a stream of hot particles across the propellant have 
also been developed, on the basis of the measured radiative and convective 
flux and propellant surface temperature, complemented by chamber pres- 
sure variation measurements. The ignition of solid-propellant motors is 
now well understood and well under control. We have gone from empirical 
techniques to more rational techniques that now result in fewer mishaps. 
Numerical simulations now make it possible to develop and optimize an 
igniter and ensure excellent reliability. Mission failures due to incorrect 
ignition of a solid propellant are extremely few and far between. 



4.0 Combustion Instabilities 

Rocket motor designers use design principles based on an assumption 
of steady-state operation after ignition, but experience has shown that the 
combustors can operate spontaneously in a variety of oscillatory modes. 63 ~ 92 
This behavior, although extraordinarily complex, can be quite reproducible 
in a given design at a given ambient temperature. The practical purpose 
of research on the subject is to understand the behavior well enough to 
design combustors and propellants to avoid it, without unduly compro- 
mising performance of the motor. Early observations of motor behavior 
suggested a classification of instabilities into three categories with distinc- 
tive characteristics: 

1) low-frequency instabilities involving spatially uniform pressure oscil- 
lations (L*, "bulk mode," "nonacoustic," or "chuffing" instabilities and 
"chugging"); 

2) intermediate-frequency instabilities involving longitudinal mode os- 
cillations; and 

3) high-frequency instabilities involving wave motions in the transverse 
modes of the combustor. 

Since the characteristic frequencies in these modes are dependent on size 
of the combustor cavity, classification by frequency is an artificial one unless 
it is linked with the cavity mode. In practice, low-frequency instabilities 
are usually observed in the range of 5-300 Hz, intermediate frequency 
(longitudinal mode) in the range of 15-1500 Hz, and high-frequency (trans- 
versal mode) in the range of 1500-15,000 Hz. 
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The occurrence of any particular mode of oscillations is a function of 
contributing processes, which are dependent on mode frequency and on 
propellant variables, operating pressure, and design details. At the fun- 
damental level, the behavior is controlled by the dynamic response of the 
combustion zone to flow disturbances to which it is exposed and by the 
processes in the combustor that dissipate the oscillatory motion ("damp- 
ing"). The chapter by Culick and Yang addresses the "system analysis" 
that describes the gas motions in the cavity, the combustion response to 
disturbances, and the spatial integration of these processes to provide a 
determination of system stability. The system analysis converges on the 
question of energy growth in any given mode, or on determination of limits 
among system variables for which energy growth is zero (stability limits). 
The response of the combustion zone to incident flow disturbances remains 
the most difficult part of this problem, and most of the chapters in this 
book bear directly or indirectly on this problem, particularly Chapter 21 
by Price and Flandro, who discuss the concept of "response" functions, 
and Chapter 17 by Strand and Brown, who discuss the measurement of 
response functions. The difficulty of the dynamic response problem stems 
from its inherent complexity, but also from the continuing deficiency of 
information about the combustion process itself and the almost limitless 
diversity of combustion resulting from the diversity of combinations of 
propellant ingredients in use. 

Much work has been devoted to the important problem of combustion 
instabilities, and promising channels been opened up, but at present, no 
conclusions can be drawn with complete certainty. In this short overview, 
four different topics will be examined: 1) nonacoustic or low-frequency 
instability (Section 4.1), 2) linear acoustic instability, including interme- 
diate and high-frequency modes (Section 4.2), 3) nonlinear acoustic in- 
stabilities (Section 4.3), and 4) loss evaluations (Section 4.4). 

The relevant characteristic times are 1) the period T of the instability; 
2) the relaxation time of the propellant combustion wave (typically, of 
its condensed-phase thermal wave, f th ; and 3) the residence or flushing 
time in the combustor t te , defined as the ratio of the mass of the burned 
gases in the chamber to the mass flow rate of propellants. The acoustic 
domain corresponds to T/t re < 1 , where waves are observed to propagate 
at a frequency that depends on the geometry of the gas-filled cavity 
in the combustor. When 77f re > 1, fluctuations are in phase throughout the 
combustor. 

4.1 Nonacoustic or Low-Frequency Instability 

This "bulk mode" oscillatory behavior is sometimes observed in motors 
having low values of the combustor cavity parameter L*, the ratio of V to 
the nozzle throat area A t . The phenomenon is readily demonstrated in 
laboratory burners; in rocket motors it may occur early during burning in 
designs with low free volume due to high propellant loading (upper stage 
and space motors) and high throat area (low operating pressure) . A number 
of analytical models exist that represent different levels of approximation. 
The low L* is associated with low values of the characteristic time for 
pressure change in the combustor cavity. 
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In an elementary stability analysis based on mass conservation 6667 the 
oscillatory behavior is determined by the relations 

Sft COS9 = 1 + aAL* = 1 + at IS 
<3i sincp = r_l ^ _ t ie 



where 



A = 



V M/y R T f 



[2/( 7 + 1)] l/2[(-v + l)/(7 ~ 1)] 



is a thermodynamic property of the propellant reaction products and f re is 
a residence (or flushing) time of the gaseous products in the combustor. 
The first of these equations indicates that the stable domain (a < 0) is 
determined by 

R costp ^ 1 

which is a domain of the propellant response function, typically at moderate 
values of the nondimensional frequency: 

H = [ajrljoi = 2-ntJT 

The second equation indicates that there is no oscillatory solution in the 
negative phase domain even if R coscp > 1 (because everything in the 
equation is positive except sin<p). 

In elementary response function theories, R and 9 are functions of Cl, 
and the stability limit condition R costp = 1 corresponds to a definite value 
of (R sincp)/fl for the propellant (occurring at a definite frequency fl o = 0 )> 
such that 



? i A T * Vj ^ 7T 're f 

— AL* = = — for a = 0 

a c f! t th 

This has lead to a description of the stability limit with relations such as 

L*aV?lap- 2n 

(see Ref. 64) and 

're 

— = const 

(see Ref. 65), where the second proportionality in the L* equation assumes 
that r b = ap". The constant in the second equation is dependent on the 
particular response function, but is typically around 0.2, 65 and, contrary 
to popular interpretations of the theory, computed values from tests are 
not always a constant for a given propellant. This and similar inconsistencies 
between theory and experiment were interpreted as meaning that the el- 
ementary response function theories are not adequate [e. g., Ref. 65], a 
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point that has not been systematically evaluated to date. With some pro- 
pellants it seems likely that a more complete analysis of the combustor 
oscillations may also be needed, including energy conservation consid- 
erations 69 - 70 in addition to conservation of mass. 

Many Soviet researchers, including Ryazantsev and Tulkiskh 71 and Gos- 
tintsev and Sukhanov, 72 have studied rocket motor stability on the basis 
of the global parameters p{i) and T{t) in the combustor, determined by 
the mass and energy balances and using the combustion response as de- 
termined by the Zeldovich model 2 3 generalized by Novozhilov. 27-30 One 
can calculate, as a function of <j> c and p, the variation of r b and T s that 
enters into the energy balance at the surface of the propellant. The two 
quantities yield the two global motor operating equations: mass balance 
plus energy balance. The solution to this problem yields a dispersion equa- 
tion in the reduced (i. e., nondimensional) frequency fi, by which it is 
possible to discuss the system stabilization. 

The Damkohler number Da = t T Jt th is introduced into the equation 
through the product Da ■ fl. With this linearization, using lumped param- 
eters for the combustor, the results are good when T > t ie and T > t th . 
The accuracy is not so good when waves form in the acoustic modes of 
the chamber. An example of computed results is reported in Fig. 13, which 
shows increasing pressure amplitudes for decreasing Damkohler number. 13 
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4.2 Linear Acoustic Instabiiities 

4.2.1 Generalities 

Most oscillatory instabiiities involve gas oscillations in wave modes in 
the combustor cavity, at frequencies identifiable with the cavity dimensions. 
Although it is sometimes complicated by geometrical complexity of the 
cavity, analysis of test records can usually reveal the modes of oscillations 
and their changes during burning as the cavity opens up due to propellant 
burn back. The frequency typically decreases during burning for modes 
involving gas oscillations in the transverse dimension (diametral and cir- 
cumferential motions), whereas longitudinal mode oscillations are more 
nearly constant frequency, at lower frequencies typical of the greater cavity 
dimension in the longitudinal dimension. Although the oscillation fre- 
quency can generally be linked to a cavity mode, identified in acoustic 
analysis, it is more difficult to predict what mode will be unstable at any 
given time. Prediction requires knowledge of a variety of contributing 
factors, each of which has its own frequency dependence and mode ge- 
ometry dependence. The problem of prediction involves computation of 
the acoustic energy gains and losses for any suspect oscillatory mode (as 
a spatial integration to include contributions from all sites). In a linear 
analysis the integrals for each gain and loss process are separable, and the 
pressure oscillation amplitude has the form 

Po exp(£,a,f) 

where the a t are the various mechanisms such as combustion excitation, 
particulate damping, and acoustic radiation out through the nozzle. When 
S,a ; < 0, oscillations decay and the system is said to be stable in the 
particular mode that was analyzed. If 2,a, > 0, oscillations will grow, in a 
manner eventually limited by nonlinear processes or by changes in the a,- 
with time due to changes in cavity size and shape and the flowfield. 

Computation of the stability integrals for appropriate modes and times 
during burning has become a Standard (albeit ponderous) procedure. Its 
adequacy is often in doubt because of inadequate inputs on the contributing 
processes and/or approximations used in the computations, approximations 
stemming from the classical difficulties of analyzing transient reacting flow 
processes. In almost all models the complexity of this particular contrib- 
uting process is reduced by the assumption that the chemical reactions are 
localized close to the propellant surface. This assumption replaces the 
reacting flow problem with a cavity flow problem (nonreacting) and a 
transient combustion zone problem, coupled by an interface condition 
usually described as an acoustic admittance adjacent to the burning surface. 
The concentrated combustion problem is solved for a "combustion re- 
sponse function" that describes the oscillation of burning rate for a given 
interface flow disturbance, which in turn can be related to the required 
acoustic admittance. Because the combustion-flow interaction is difficult 
to analyze rigorously, methods have been devised for experimental deter- 
mination of response functions. However, experimental and analytical dif- 
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ficulties leave this most important contributing process still poorly 
characterized, usually the "weak link" in stability prediction. Given the 
wide range of propellant formulations, frequencies, and combustion en- 
vironments of interest, and the rather modest understanding of the com- 
bustion of many propellants, the combustion response promises to be a 
problem of long-term difficulty. By comparison, predictive capability is 
relatively straightforward for other processes such as particle damping and 
acoustic losses through the nozzle, at least in the small-amplitude domain 
where linear theory is applicable. 

In the following, some comments are made regarding special aspects of 
the stability problems that emerge depending on whether the behavior is 
in the higher-frequency transverse or the lower-frequency longitudinal modes 
of the combustor cavity. 

4.2.2 High-Frequency Instability (Usually Transverse Modes) 

Oscillatory instability in transverse modes of the combustor cavity in- 
volves gas oscillations between opposite cavity walls with wavelengths roughly 
equal to twice the lateral dimensions of the cavity (or higher modes with 
shorter wavelengths). Thus, the frequencies are roughly v, = a/2D, where 
a is the velocity of sound and D is a nominal lateral dimension depending 
on cavity shape. Thus, for a value of 10 _1 m for D and a value of 10 3 m/ 
s for a, the frequency is 5000 Hz. Because of the complex cross-sectional 
shapes used for propellant charges, characterization of the cavity modes 
is often difficult, and stability is often quite sensitive to shape. When 
instability occurs, oscillations grow spontaneously, sometimes to a very 
large amplitude. Sometimes, later in burning, the oscillations may die out 
or change to a different mode. During severe oscillations, the mean burning 
rate is usually increased, with corresponding increases in mean pressure 
[the violent pressure rises that often exploded motors (see the introductory 
chapter by Price) so inexplicably in the late 1930s and early 1940s]. 

Transverse mode instabilities 74 ' 77 are found to be driven primarily by 
response of the combustion to pressure oscillations, as in the low L* in- 
stabilities. However, the frequencies are in the range where the response 
function can be quite large, and most motors would be unstable except for 
the fact that damping is much larger than in the low L* instabilities (where 
damping is often ignored in the stability analysis). Damping is produced 
by radiation through the nozzle, drag of condensed-phase material in the 
oscillating product flow, viscous and turbulent degradation of the acoustic 
energy, and interaction of flow oscillations with the mean flow (vortical 
processes). Computation of the two-phase flow damping can be performed 
fairly accurately if the size distribution of the particles or droplets is known, 
but often it is not known. Damping by the nozzle is relatively low in the 
transverse modes and can be calculated (see Section 4.4). This mode of 
instability is controlled by manipulation of the conduit cross-sectional shape, 
use of axial rods and baffles to obstruct oscillatory gas motion, and addition 
of optimally sized inert particulates for damping (1-2% level). Aluminized 
propellants do not exhibit instability in the higher-frequency transverse 
modes because of damping by A1 2 0 3 droplets. Extensive efforts have been 
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made to model and measure pressure coupled response functions, but the 
models have uncertain applicability to composite propellants, and mea- 
surements are of only modest accuracy, and are severely limited in quantity 
by test cost. 

4.2.3 Intermediate-Frequency Instability (Usually Longitudinal Modes) 

In the frequency range of 150-1500 Hz, a different set of conditions 
control the propensity for acoustic mode instabilities. In this frequency 
range the acoustic mode is usually longitudinal. The frequency is low enough 
for two-phase flow damping to be less, and the nozzle damping is higher. 
The combustion response is often high in this frequency range (but not 
necessarily well determined and decreases appreciably in the low end of 
the frequency range). The cavity geometry may be relatively simple in 
longitudinal modes, and the cavity length usually does not change much; 
thus, frequency is relatively constant in any given mode. There is a tendency 
for oscillations to be nonsinusoidal and for large increases in mean burning 
rate (and hence motor pressure) during severe oscillations. The occurrence 
of instability in longitudinal modes with aluminized propellants, usually at 
frequencies below 1000 Hz, is particularly important. Also important is 
the susceptibility to initiation of growing oscillations by finite flow dis- 
turbance under conditions where spontaneous growth out of random noise 
will not occur. 78-85 

The combustion-flow interaction is significantly different in longitudinal 
modes, because the mean flowfield is in the same line of motion as the 
gas oscillations, and thus oscillations in velocity occur about the local mean 
velocity. This situation gives rise 73,75,76 to an important contribution to 
combustion response arising from the dynamic response of the combustion 
zone to gas oscillations parallel to the burning surface (commonly called 
"velocity coupling"). In transverse modes this response tends to go to zero 
in the stability integral because of a spatial symmetry that is absent in 
longitudinal modes because of the collinear mean and oscillatory flow. 
Considerable effort has been devoted to theoretical and experimental clar- 
ification of the velocity coupling process. Analytical description is impeded 
by the difficulty in computation of the gas oscillations in the region of the 
combustion zone, a difficulty that is a consequence of a multidimensional, 
rotational viscous flow. The combustion zone interaction is also compli- 
cated by its inherent two dimensionality (lacking in most combustion models). 
Experimental measurements of velocity coupling response functions have 
been carried out, 86 ~ 89 but are severely limited by the need to produce 
flowfield behavior similar to that in the rocket motor (behavior that is still 
only poorly known and difficult to simulate in low cost laboratory scale 
burners). This is probably the most important problem in prediction of 
longitudinal mode instabilities. 

4.2.4 Analytical 

The acoustic equation yielding the pressure fluctuations and their bound- 
ary conditions will introduce two functions that depend on the pressure 
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and velocity fluctuations (see Section 2.2.4). In the linear domain, and in 
a motor with a central duet of slightly varying section, the caleulations and 
the physical interpretation of the results can be simplified by introducing 
the idea of entropy. Even in the permanent regime, due to lateral injection, 
the flow is not isentropic. 

4.3 Nonlinear Acoustic Instabilities 

When the energy available in the chamber is high and little is lost through 
the walls, large-amplitude acoustic waves are observed, which differ from 
the linear waves by their frequencies, amplitudes, and the signal waveform. 
This type of instability appeared from the beginning with homogenous 
propellants, and also with certain nonaluminized composite propellants 
[see, e. g., the works of Brownlee and co-workers 78 ~ 80 and, later, of Hughes 
and Smith (paper 26 in Ref. 10)]. The phenomena observed are complex. 
The fluctuations are often based on the longitudinal mode and often have 
a steep front, with several trains superimposed. 81-85 

Levine and Culick yu yi attempted to understand these nonlinear phe- 
nomena using a double approach: 1) they used an aerojet burner of simple 
geometry with a cylindrical grain and a pulser to initiate unstable states; 
and 2) they developed an analysis that allowed them to do without li- 
nearized sehemes. 

Experimentally, Levine and Culick demonstrated the following: 

1) The amplitude depends on the foree of the pulser and on the amount 
of losses in the burner. The nonlinearities appear when the wave amplitude 
exceeds the average pressure by 10%. 

2) The amplitude is sensitive to the burning surface area and to the 
energy released near the burning surface. 

3) The linear response of the propellant is not the only determining 
cause of the growth or decay of the disturbance. 

4) Coupling is a major point. 

5) Energy is easily transmitted from the lower to the higher modes in 
the cases of steep-front waves. Linearization offers an initial approach, but 
then new phenomena appear with nonlinear perturbations. 

6) Multiple partial frequencies are observed. 

7) The mass burning rate has a greater dependeney on the pressure 
coupled with surface reaetions. 

8) Nonlinear analysis reveals that particulate damping is strongly de- 
pendent on the partiele size. 

From the theoretical standpoint, Culick (paper 21 in Ref. 10) showed 
the difficulty of the problem and offered a way of dealing with it by using 
second- and third-order acousties. Kuentzmann (Ref. 42, p. 9) simplified 
the analysis by introducing the idea of entropy. 

4.4 Loss Evaluations 

Loss evaluation is an important aspect of the problem, not only for 
determining the propellant transfer funetion correctly but also for evalu- 
ating the normal operation of the motor and predieting its stability. 
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In an acoustical wave, for instance, the presence of this wave (its increase 
or decrease in amplitude) includes an exponential effect of the form exp(at), 
in which the coefficient a depends on the gain and losses, a = a g - a 1 . 
The parameter a g represents the gain due to combustion. We have already 
discussed this term at length in Section 2.2; further details are given in 
Chapters 18-20. 

The parameter a 1} which corresponds to the losses, includes several 
contributions that are rarely measured but are rather determined by anal- 
ysis. These losses concern the nozzle convergence, the viscoelasticity of 
the propellant, the particles present in the burned gases, the molecular 
relaxation in the gaseous phase, the volume losses due to irreversibilities, 
viscosity and thermal conduction, thermal transfers through the wali, and 
the base of the cavity on the side opposite the nozzle, which reflects the 
waves (end effect). A complete discussion of these contributions is offered 
by Ramohalli in Chapter 20; a detailed analysis of viscoacoustic losses is 
reported in Ref. 92. 

For these damping phenomena we should emphasize the importance of 
the signal form and of its amplitude. A particle does not damp a steep- 
fronted pressure or velocity fluctuation the same way it does a sinusoidal 
variation. This is why damping formulas based on a linearization should 
be used with care. In particular, the domain of validity of the formulas 
should be specified. 

5.0 Concluding Remarks 

Before a final comment is presented to close this introductory chapter, 
the importance and limitations of modeling transient operations of solid 
rocket motors are assessed. Besides the detailed presentations made at 
several places in the remainder of the book, interested readers will find it 
useful to peruse the final chapter of this volume and compare the state of 
the art before and after this collective effort of understanding solid- 
propellant transient burning and stability. 

5.1 Modeling Transient Rocket Motor Operation 

Modeling rocket motor operation in the transient state began in earnest 
at least two decades ago, for three reasons: 

1) The available computer facilities were becoming more powerful, mak- 
ing it possible to study complex systems in a reasonable period of time. 

2) Transient phenomena were becoming better understood, and major 
fundamental research in modern fluid mechanics had contributed more 
accurate, more coordinated, and more coherent tools for use in studying 
stability. 

3) Diagnostics with new laser techniques generated more reliable in- 
formation and more credible results, improving the validation and hence 
the reliablity of models. 

In some cases, when the geometry and nature of the propellant are 
known, the stable operation of a rocket motor can be predicted from a 
model. These models are usually drawn from linearizations. This simpli- 
fication of motor operation includes three subsystems: 
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1) modeling of the combustion chamber and nozzle operation (see Chap- 
ters 18 and 21); 

2) propellant combustion modeling (see Chapters 14 and 15); and 

3) representation of damping effects due to the presence of particles, 
in the burned gases, for instance (see Chapters 17-20). 

Here we give only one example, that of an experimental burner used at 
ONERA, which has a simple grain geometry and includes pulsers. Figure 
14 diagrams the burner and shows the calculated pressure variations as a 
function of time: p av is the pressure at the base of the burner opposite the 
nozzle, p ar is the pressure at the nozzle base of the chamber, and p 6 is the 
pressure in between. The burner is normally stable and is then excited. 
The pressure variation conforms with what can be expected from experience. 

This approach is very useful and also very thrifty, especially if the burner 
architecture is complicated. An attempt may be made to optimize the 
numerical method to save time, but the calculation time must be kept 
within reasonable bounds. 
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5.2 Final Comment 

Some final remarks can be made on the basis of this brief history. A 
rocket motor is not a dead, timeless system, but a living object. Studying 
the transient state is therefore important not only for the ignition, flameout, 
and stability of the rocket motor, but also because it helps us to understand 
the steady state better, determine the limits of its operation, assure better 
reliability and safely extend its utilization envelope. This study is truly part 
of modern fundamental fluid mechanics satisfying the goals of the funda- 
mental researcher; but it also offers aerospace designers a clearer idea of 
what needs to be done to meet criteria of performance, reliability, and 
cost. This transient regime analysis will also help the manufacturer on his 
drive toward a competitive product. 
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Chapter 3 



Steady Burning Rate and Affecting Factors: 
Experimental Results 

Kari Klager* and Gilbert A. Zimmermant 
GENCORPIAerojet Solid Propulsion Co., Sacramento, California 

I. Introduction 

THIS chapter presents the experimental results for propellant burning 
rates and the factors that affect these rates. Data are presented for the 
composite propellants, as most importantly exemplified by those based on 
ammonium perchlorate (AP) and a nonenergetic binder, as well as the 
energetic propellants, the double-base propellants. The emphasis is on 
experimental results, with no attempt to relate the results to theory. Com- 
parison of burning rates in the discussion, unless otherwise stated, is made 
at 1000 psi (6.9 MPa) under steady-state conditions. 

Steady-state burning is the usual condition under which burning rates 
are measured. This is the condition where, for all practical purposes, both 
operating pressure and initial temperature are constant. In contrast is the 
nonsteady or transient state, where conditions such as burning rate are 
fluctuating. Since burning rate varies with operating pressure and initial 
temperature, these relationships need to be understood at the outset. Data 
at various pressures and constant initial temperature generated in the strand 
burner, or in motors, are plotted vs pressure on a log/log plot, and the 
slope of the line is the burning rate pressure exponent. This relationship, 
shown in Fig. 1, is expressed mathematically as 1 

r b = ap" (1) 

where r b is the burning rate, a the empirical constant, p the absolute 
pressure, and n the slope of the burning rate vs the pressure plot. This 
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Pres sure 

Fig. 1 Burning rate vs pressure. 



equation allows the calculation of the burning rate at any pressure as long 
as the relevant constants (a and n) are experimentally known, even if 
discontinuary. For most rocket motor applications, a low-pressure expo- 
nent is desirable. Most production propellants fail in the range of 0.25- 
0.6. The burning rate and pressure exponent have a significant effect on 
rocket motor design. High exponents produce a rapid change in burning 
rate with pressure. This can lead to catastrophic results in the motor with 
slight changes in the burning surface or pressure. However, motors such 
as the early Jet Assisted Take Off (JATO) Rocket, with an asphalt-po- 
tassium perchlorate propellant operated successfully with a pressure ex- 
ponent of 0.75 over a limited initial temperature range. 

There are other more theoretical treatments of burning rates given in 
Refs. 2 and 3. 

One other assumption is made in the preceding discussion, that the 
burning rate is at constant initial temperature. However, the propellant 
burning rate does vary with initial temperature. Temperature may vary 
from +56 to +70°C in rocket motors. This variation is determined ex- 
perimentally at several initial temperatures in strands and motors, with 
typical results as shown from the 260-in. motor in Fig. 2, and is a function 
of both the propellant and the rocket motor. The propellant parameter 
<j p , the temperature sensitivity at constant pressure, is expressed in %/°C 



AT 0 



(2) 



The temperature sensitivity of pressure for constant motor geometry ir K 
(a propellant and a rocket motor parameter) is expressed in %/°C and 
calculated using Eq. (2) 



A fnp 

A &T 0 



(3) 
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Fig. 2 Temperature sensitivity. (PBAN = polybutadiene-acrylic acid- 
acrylonitrile terpolymer.) 



The relationship between <j p and k k is expressed in Ref . 4 by 

tt K = a p /(l - n) (4) 

This relationship is also discussed more fully in Refs. 5 and 6, and it is an 
important parameter for the rocket designer. As an example, calculations 
show the effect of tt k and n on the performance of a rocket motor. Com- 
paring a rocket motor operating from —50 to +70°C and a propellant 
having a it K of 0.1%/°C and pressure exponent of 0.45 with a propellant 
having a it K of 0.017%/°C and an exponent of zero, the motor weight would 
drop from 67.1 to 64.7 kg. This difference with a 22.7 kg payload would 
provide an increase in ideal velocity of 57.3 m/s, or 4%, for the lower tt x 
propellant. To achieve the same velocity using the high -n K propellant would 
require an increase in specific impulse of 13.5 lbf-s/lbm, or almost 6%. 

Therefore, the rocket motor design is controlled by the propellant burn- 
ing rate and its variation with temperature and pressure. Normally, the 
propellant burning rate is tailored to meet the rocket motor requirements. 
Where this becomes difficult or impossible, the rocket motor design must 
be compromised to accommodate the burning rate available. 

II. Measurement Methods 

Solid Strand Measurement 

The industry Standard for routine measurement of burning rate is the 
Crawford bomb. 7 This is a pressure vessel with a central core held in place 
by the closure cap, as shown in Fig. 3. The core serves as the mounting 
fixture to hold the propellant strand and the ignition and timing wires. 
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Fig. 3 Modifled Crawford bomb. 



Temperature conditioning is provided by the heat exchange fluid in the 
bomb jacket. Control is exercised through a remote panel, where pressure, 
temperature, ignition, and timing are monitored and controlled. 

The general operating procedure requires the use of a strand usually 
13.97 cm in length. The strand may be an uncured (liquid) propellant, cast 
into a 0.64-cm-diam paper or plastic tube, or a 0.64 x 0.64 x 13.97-cm 
solid strip rounded to eliminate sharp corners. These strands are then 
coated with an inert lacquer to ensure end or cigarette burning. Coated 
strands are then scanned fluoroscopically for voids, discarding those with 
voids. They are then placed in a jig for drilling to obtain precise placement 
of the timing wires at 0, 5, and 10 cm. An igniter cap, such as JPN, with 
an igniter wire is centered on the strand top, and the wired strand is 
connected to the appropriate terminals of the core, which is placed in the 
bomb. The bomb is then pressurized with nitrogen and conditioned to the 
desired initial temperature. The strand is ignited with the various timers, 
establishing the 5- and 10-cm times. Pressure is maintained through control 
of the exhaust valve. The N 2 pressure is then released. If available, the 
bomb is washed remotely with water, and the bomb is then drained, ready 
after drying for the next strand measurement. 

Proper safety measures must be exercised at all times, avoiding exposure 
to the pressurized vessel. Adequate ventilation to control fume exposure 
is required during restriction and bomb opening. Hands need to be pro- 
tected by rubber gloves during handling of propellant and the bomb case. 
Furthermore, instead of recording the event by reading various gauges, 
the bomb can be modified with a window and a television screen for 
observing the strand burning process. Instant replay of the process recorded 
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on tape also allows studies of the flame by means of a frame-by-frame 
evaluation of the combustion process. 

Motor Measurement 

Small motors are also used to establish propellant burning rate. Although 
providing better correlation with full-scale motor burning rates, they are 
considerably more expensive and time-consuming to run than strand mea- 
surements. They are normally used only after a final propellant formulation 
has been established to obtain a more accurate full-scale motor rate pre- 
diction and to determine the temperature sensitivity of the burning rate tt k . 

Although any suitable motor design may be used, a typical design is 
reported in several publications. 8 It uses a simple grain design, which is 
neutral burning to pro vide a constant-pressure burning rate. 

The motor nozzle size is estimated from the burning rate established in 
the Crawford bomb based on the relationship of the mass balance equation 6 

A, = A h r bPp /(c D p c ) (5) 

where A b is the burning surface area; A, the nozzle throat area; r b the 
propellant burn rate at p c ; p c the desired chamber pressure; c D the pro- 
pellant mass-flow coefficient, theoretical or measured; and p p the propel- 
lant density. 

Liquid Strand Measurements 

The burning rates of uncured propellant can be determined as uncured 
(liquid) strands in the Crawford bomb. These data are used in propellant 
manufacturing as controls for acceptance of uncured propellant before 
casting into the motor. The liquid strand data differ from the solid strand 
and motor burning rates, but they allow a correlation to be established 
with cured solid strand measurements, as shown in Fig. 4. 9 This strand 
burning rate relationship is usually developed along with the other control 
parameters during propellant development. Once it has been established 
along with its tolerance limits, the motor burning rate can be confidently 
predicted. 

A recent development for burning-rate control in manufacturing pro- 
pellants is the application of FTIR. This rapid technique requires the es- 
tablishment of upper and lower acceptance specifications for which the 
Fourier transform infrared (FTIR) reading applies. 10 Thus, the measure- 
ment of the liquid strand burning rate is of importance once the propellant 
reaches a production level. The solid strand burning rate is confined to the 
development stage, where the composition vs burning rate is being estab- 
lished. 

Test Results 

The results from the strand burning rates from the Crawford bomb are 
usually accurate to within ±2-3%. Results from micromotors are about 
within the same tolerance. 11 It has been observed that, in most propellants, 
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the strand burning rates fail below that of the motor. The burning rate in 
the motor is increased with the motor size. This is caused by the gas flow, 
which probably produces an erosive burning effect. A typical example is 
shown in Fig. 5 (Ref. 9). Another explanation for the difference may be 
a variation in pressure and pressure exponent in motor and strand. Quite 
often the strand burning rate vs pressure will show anomalies such as 
changes in slope or plateaus, which may not occur in the motor. The actual 
cause of this behavior is not known. It may be the result of the size and 
shape difference of the test specimen and test method, which may be 
responsible for different heat losses affecting the combustion process. 

III. Burning Rate of Composite Propellants 

Introduction 

By definition, solid propellants are a complex mixture of oxidizing and 
reducing chemicals that are stable at room temperature, but that once 
ignited burn without air in a controlled manner to produce 3-5 moles of 
gas from every 100 g of composition. 12 The oxidizing agent may come from 
an inorganic crystalline chemical or may be part of a molecule of an organic 
combustible material (see Table 1). 

Regardless of the origin of the oxidizing species or its role in the pro- 
pellant composition, the oxidizer primarily affects the specific impulse but 
also mechanical properties, producibility, safety, and cost. This is clearly 
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Fig. 5 Burning rate vs motor size. 

expressed by the great variation of formulations in solid composite pro- 
pellant of similar specific impulse 13,14 (Fig. 6); nevertheless, use of the 
various oxidizing species is of primary importance in determining the burn- 
ing rate. Usually, the higher the energy content, the higher the burning 
rate. 15-17 In composite modified compositions containing explosive com- 
pounds, the burning rate may even be decreased, which can be explained 
by different combustion mechanisms. 18 The great variation not only in the 
selection of suitable propellant chemicals, but also in the variability of the 
amount, size, and shape of chemicals used, causes differences in burning 
behavior. Furthermore, not only the oxidizer, but a whole group of other 
components and conditions affect the burning rate of composite propel- 
lants, as shown in Table 2. 

The two types of oxidizers used in solid composite propellants are shown 
in Table 3 — inorganic chemicals and organic explosives. 



Table 1 


Typical composite propellant compositions 


AP composite inert 


Composite modified 


HMX/RDX 


binder, % 


double-base, % 


composite, % 


AP 70-86 


AP 20.4 


HMX/RDX 70.0 


Al 16-0 


Al 21.1 


PU binder 6.8 


Binder 10.7 


Nitrocellulose 21.9 


Ballistic modifiers 3.0 


Plasticizer 2.8 


Nitroglycerine 29.0 


Nitrate esters 20.2 


Process aids 0.5 


Triacetin 5.1 




Ballistic modifiers 


Stabilizers 2.5 




as required 
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Table 2 Variables affecting burning rate of composite propellant 



Oxidizers 
Type and shape 
Particle size 

Particle size distribution 
Purity 

Fuel-metals content 
Type and shape 
Particle size 

Binder-plasticizer 



Total solids 
Catalysts 

Other additives 

Initial pressure 
Initial temperature 
Process 

Migration 

Aging 

Cure 



In a comparison of the properties of the various oxidizers, one must look 
beyond the basic parameters to determine why AP is the preferred oxidizer. 
Its high performance; good compatibility and stability, adaptability to a 
wide burning rate range; and relative insensitivity, low cost, and availa- 
bility, make it the primary oxidizer in solid propellants. The adaptability 
of AP to a wide range of burning rates is shown in Fig. 7. 19 It is an attribute 
that is not evidenced by any other oxidizer. 

The discussion that follows will examine the effect of formulation and 
other variables on the burning rate of propellants (see, for example, Ref. 
3, Chaps. 2, 4, 6, and 7). 



2 70) r- r 1 1 1 1 2 64 8 

c/i 



d) 




Weight of solids, % 

Fig. 6 Effect of polymer type and content on the optimum specific impulse of 
AP-A1 propellants, 1000 psi, 0-deg half-angle. 
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Table 3 


Oxidi7Prs and their nronprties 




Oxidizer 


Density, 
g/cm 3 
(lb/in. 3 ) 


Total 0 2 
content, % 


AH r , kcal/100 g 


Remarks 


NH 4 C10 4 


1.95 
(0.0704) 


54.47 


-60.21 


Low n, low cost, readily available, high 
performance, wide r b range, 
insensitive 


KC10 4 


2.52 
(0.0910) 


46.19 


-74.49 


High n, low cost, readily available, 
medium performance, low r b range 


NH 4 N0 3 


1.725 
(0.0623) 


59.59 


-109.02 


Smokeless, low cost, low performance, 
crystal instability, low r b range 


KN0 3 


2.109 
(0.0762) 


47.48 


-116.48 


Low cost, low performance, low r b range 


HMX 


1.90 
(0.0686) 


43.22 


+ 6.05 


High performance with nitrate esters, 
low r b range 


RDX 


1.82 
(0.0658) 


43.22 


+ 6.61 


High performance with nitrate esters, 
low r b range 


NQ 


1.744 
(0.0630) 


30.75 


-22.10 


Low n, low r b and range, low 
performance 
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Mean Particle size 
Fig. 7 Effect of particle size on burning rate. (PBD = polybutadiene polymer.) 



Ammonium Perchlorate Propellants 

Effect of Variables 

Solids content. Typically, AP propellants are made with solids ranging 
from 80 to 88%, with aluminum comprising 15-18% of the solids. Without 
aluminum, the AP content may be 84-86% or higher. The solids loading 
of a propellant is selected on the basis of the performance level desired, 
not the burning rate, although the burning rate is affected by the solids 
level, as shown in Fig. 8. The burning rate increases rapidly as the oxidizer 
content is increased 1315 ; however, control is not exercised by solids content. 

Particle size. The steady-state burning rate of an AP propellant is con- 
trolled largely by the AP particle size. The influence of the particle size 
on burning is shown in Fig. 7. The finer particle size produces the higher 
burning rate. 17 ' 19 Although the preceding examples contain only mon- 
omodal particle size, composite propellants usually contain a blend of two 
or more particle sizes to achieve maximum packing for processing. As 
shown in Fig. 7, the burning rate then becomes that of the weighted average 
particle size. If necessary, the burning rate of a given propellant can be 
readily controlled by blend adjustment for the distribution of the desired 
weighted average particle size. Particle size measurement, using appro- 
priate instrumentation, is critical to achieving the desired burning rate. 
Typical grinds of AP would show distributions around the mean, as shown 
in Table 4. 

Combustion catalysts. There are a myriad of combustion catalysts to 
promote the burning rate of AP propellants. A list of frequently used 
combustion catalysts is given in Table 5. These materials are normally used 



(&AIAA 

faVhU^hniahriinfBmkmlmfy Purchased from American Institute of Aeronautics and Astronautics 

STEADY BURNING RATE 69 




Table 4 Typical AP particle size distributions 



Standard sieve Average particle size 

wt % less than wt % less than 



Given Particle 











particle 


size 


Grind 




Min 


Max 


size 


(j,m 


Unground 


1000 


100 




80 


530 




297 


89 


97 


50 


405 




210 


54 


78 


20 


350 




149 


17 


38 








105 


4 


15 








44 




2 






Coarse 


149 


45 


75 


80 


190 




105 


20 


45 


50 


130 



20 74 

Fisher subsieve 



Fine 3 9 80 14 

50 10 

20 6 
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Table 5 AP combustion catalysts 



Copper chromite (Cu0202) Iron compounds 
(NH 4 ) 2 Cr 2 0 7 Ferrocene derivatives 

Cr 2 0 3 Fe 2 0 3 
Cr0 2 Milori blue — iron blue 

A1 ? 0 3 (<1 mm) FeF 3 

Silicon compounds Titanium esters 

Carboranes 



at the 1-2% level to increase the propellant burning rate beyond that 
achievable by particle size adjustment. The effect of three of these com- 
pounds on the burning rate is shown in Fig. 9. It can be seen that both 
copper chromite (Cu0 2 0 2 ) and iron oxide are very effective in increasing 
the burning rate up to 2%; beyond that they are of no use. However, the 
ferrocene compounds continue to be effective beyond the 3% level. Fer- 
rocene is soluble in various binders and catalyzes the binder decomposition, 
and subsequently the iron from dicyclopentadienyl iron (ferrocene) cata- 
lyzes the combustion in the gas phase. Despite their good catalytic effect, 
ferrocene compounds are prone to migration and affect aging. Further- 
more, it must be emphasized that increasing amounts of catalyst reduce 
the specific impulse, since they are normally nonenergetic diluents replac- 
ing the AP. 

The combined effect of AP and all additives 2 ' 9,16 on the burning rate 
shows the burning rate spectrum of composite propellants (Fig. 10). The 
burning rate increases with the increased additive and fine AP content 20 
(Fig. 11). The solid catalysts are more effective as their particle size de- 
creases. In fact, it is desirable to have the particle size as small as possible, 




Weight percent 

Fig. 9 Effect of catalyst on burning rate. 
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Fig. 10 Burning rate spectrum of AP propellants. 



about 2 |xm, in order to get maximum effect. The small size minimizes the 
amount of catalyst required, thus allowing more oxidizer while maintaining 
processability. 

Selection of the catalyst must be done judiciously with due regard for 
compatibility, safety, and permanence. The ferrocene and boron com- 
pounds, while very effective (Fig. 12), can create unacceptable safety haz- 
ard properties in the propellant. Liquid catalysts can migrate and volatilize 
and, thus, produce changes in the composition affecting the burning rate 
with time. Compatibility of catalysts with the other ingredients must be 
observed, e. g. , copper chromite is not compatible with unsaturated binders, 
producing rapid hardening of the propellant. Others may interfere with 
cure and aging. 



0 . 9 




We ight % Fe 2O3 



Fig. 11 Effect of oxidizer blend and catalyst level at 1000 psi. 
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Fig. 12 Available burning rates with composite propellants (86-90 wt % solids). 
(UFAP = Fine ammonium perchlorate, <3 n-m.) 



Metals. Most current propellants are formulated with aluminum to ob- 
tain maximum performance. 21,22 It is normally used at about 15-20% in 
the propellant. It effectively reduces the burning rate of the propellant as 
it repiaces AP. 2 ' 9 An example of this is shown in Fig. 13. Although not a 
marked effect, still it must be considered. For example, if the AP blend 
were already optimized for maximum burning rate, a combustion catalyst 
would be required to counter even this relatively small effect. The Iarger 
the particle size of aluminum, the greater its effect in lowering burning 
rate, 2 as shown in Fig. 14. Particle sizes up to 100 |xm are commercially 
available for an even larger effect on burning rate. 22 The presence of 
aluminum in AP propellants is effective for propellant extinguishment. 23 
Magnesium, 17 beryllium, boron, and high-density metals have also been 
proposed or used as metal components in propellant formulations to in- 
crease performance. Their effect on burning rates of the AP propellant is 
similar to aluminum. 

The use of metal fibers 24 or wires 25-27 introduced into the propellant, 
typically silver or aluminum, has a significant effect on propellant burning 
rate. Increases of two to seven times the normal burning rate have been 
obtained by this method. The effect is due to heat conducted down the 
path of the wire, which increases the local burning rate and opens more 
surface area. To obtain the effect, the wires must be oriented normal to 
the burning surface either by placement or by process controls, since normal 
casting methods would produce random or parallel orientation. This has 
been achieved successfully not only in double-base propellants, but also 
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in composites by a casting method involving the formation of droplets that 
orients the wires in the desired direction. 

Binder-plasticizer. The binder and plasticizers are considered together 
here because they are intimately related in their combined use, primarily 
for compatibility. Historically, asphalt was the first binder used in com- 
posite propellants, followed within a few years by polysulfide, polyester 
styrene, polyvinylchloride, and rubber. 28,29 The binders used in current 
propellants are listed in Table 6 with the plasticizer type. 

The binder selected has an effect on the burning rate of the AP pro- 
pellants. For inert binders, the difference is relatively small. The binder- 
plasticizer effect on the burning rate generally follows the trend of energy 
content affecting the specific impulse: polyester < polyether < poly- 




Fig. 14 Typical effect of aluminum particle size on burning rate. 
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Table 6 Propellant binder-plasticizer 



Polymer 



Plasticizer 



Polyurethane 
Polyesterurethane 

Polybutadiene acrylic acid acrylonitrile 
Carboxy-terminated polybutadiene 
Hydroxy-terminated polybutadiene 
Nitrocellulose 



Inert and energetic 

Inert and energetic 

Inert 

Inert 

Inert 

Nitrate esters 



urethane < polybutadiene < energetic binder. Where the desired rate 
cannot readily be achieved by other means, binder choice or modification 
of binder may be attempted. For example, modification by changing the 
diisocyanate cross-linker in a polyurethane (PU) binder can produce small 
but sometimes significant changes in the burning rate. 

Inert plasticizers in the inert binders usually also have little effect on 
burning rate. However, there are some exceptions, as can be seen in Fig. 
15, where the addition of the methoxymethyl diphenyl oxide (MMDPO) 
produced a significant increase in burning rate over that of the propellant 
with dioctyl adipate (DOA) as the plasticizer. 9 

Energetic plasticizers such as nitroglycerin (NG) , trimethylolethane trin- 
itrate(TMETN),bis(dinitropropyl)acetal/-bis(dinitropropyl)formal (BDNPA/ 
F), and bis(fluorodinitroethyl)formal (FEFO), when compatible with the 
inert binders, also affect the burning rate of the AP propellants because 
of the increase in energy of the composition. 

Other additives. 1) Many other additives, such as amines or amides, 
have been found to be effective in control of the burning rate of AP 
propellants, 30 as shown in Fig. 16. They are used in levels of <0.5 to >3%, 
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Fig. 15 Effect of plasticizer and catalyst on burning rate. 
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Fig. 16 Comparison of oxamide and a quaternary amnionium salt as burning- 
rate depressants in a polyether PU/AP/A1 propellant. 



primarily to reduce the burning rate. A listing of some of these other 
additives for AP propellants is given in Table 7. 

The dramatic effect on the burning rate of even a small amount of some 
quaternary ammonium salts is evident in the results shown in Fig. 17. The 
salts not only reduce the burning rate, but also produce plateau burning 
over a wide pressure range. This effect is produced only in propellants with 
the polyether polyurethane binders. 30 The effect of these additives in the 
polybutadiene AP propellants is to lower the burning rate without affecting 
the pressure exponent (Fig. 18). The difference in the results of the various 
measurement methods is shown in Fig. 19. 

2) Another material that may be considered as an additive is porous 
ammonium perchlorate (PAP). 31 It has a marked effect on the burning 



Table 7 Additives for AP propellants 



Additive 



Effect 



Amines 

Quaternary ammonium salts 

Oxamide 

Organic oxidizers 

Nitroguanidine 
Ammonium nitrate 
HMX/RDX 

Ammonium sulphate 
Dicyandiamide 



Lower rate, decrease n 

Lower rate, plateau 
Lower rate 

Lower rate minimizes effect 
on performance 



Lower rate, negative n, 

coolant 
Lower rate 
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Fig. 17 Effect of depressant type on burning-rate polyether polyurethane AP-A1 
propellants. 
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Fig. 19 Burning rate plateau of polyether polyurethane propellant. 



rate, producing large increases, as shown in Fig. 20. In catalyzed compo- 
sitions, burning rates up to 15.5 cm/s at 13.8 MPa have been measured in 
strands and motors (Fig. 21). The pressure exponent is also increased, 
which effectively limits the amount that can be added to the propellant to 
about 28%, based on the weight of the oxidizer. 31 ' 32 This form of AP is 
produced by controlled roasting at elevated temperatures which causes a 
partial decomposition of about 30% (weight loss). 33 This results in a porous 
particle, which must then be coated to preserve this porosity in the pro- 
pellant. The larger particle sizes of AP produce the greatest effect. 31,32 

Other additives such as zirconium carbide and graphite, added to non- 
aluminized AP propellants to promote combustion stability, have little 
effect on the propellant burning rate. 34 

3) Explosive oxidizers such as nitroguanidine (NQ), shown in Table 3, 
are used in relatively large amounts, replacing AP. NQ has some effect in 
maintaining the specific impulse; however, it reduces the burning rate of 
AP propellants at lower pressures by about 50%. The effect is similar in 
all binder systems. These propellants find use in long-duration sustainer 
rocket applications or gas generators. The more energetic explosives, such 
as RDX and HMX, also are used to lower the burning rate of AP pro- 
pellants while increasing the specific impulse. At higher pressure the burn- 
ing rate is increased due to a higher pressure exponent. Kubota et al. 35,36 
showed that the burning rate of an 80% HMX propellant in a polyether 
or polyester binder could be increased drastically, i. e., super-rate burning 
by the addition of lead stearate and carbon. Kubota and colleagues showed 
also that both lead and carbon were required; separately, there was no 
effect. The highest burning rate with these nonenergetic binders was still 
quite low, —0.4 cm/s at 6.9 MPa. 
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Fig. 21 Effect of particle size of PAP on burning rate and pressure exponent. 
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Temperature and pressure. As discussed in Sec. I, both initial temper- 
ature and pressure have a significant effect on the propellant burning rate. 
Their effect is also interrelated since a reduction in the pressure exponent 3 
leads to a reduction in temperature sensitivity tt^. Typical values for tt k 
in the AP propellants are 0.06-0. 11°C, with pressure exponents typically 
varying from 0.3 to 0.6. 

Solid rocket propellants are usually operated at pressures from 1.38 to 
13.8 MPa. Low pressures reduce the specific impulse in motors. In gas 
generators, the prime requirement is not high specific impulse, but low 
flame temperature and maximum gas generation, usually in low rates. 
Propellants containing AP have a pressure exponent of 0.3-0.6, but many 
AP propellant compositions show a break in pressure exponent either 
increasing or decreasing. In any case, these breaks must be considered in 
the design of the motor. An increase in pressure exponent approaching 
unity operating over a wide temperature range has the effect of increasing 
-n K , which not only results in a higher inert weight of the motor, but also 
introduces a hazard of a potential pressure failure or an explosion. Con- 
versely, a plateau or mesa burning propellant, where the pressure coeffi- 
cient approaches zero or becomes negative, results in a very low tt k . The 
net effect is a lightweight rocket motor operating over a wide temperature 
range, with benefits such as a higher specific impulse, more neutral pres- 
sure-time curves, more safe conditions to minimum pressure fluctuations, 
and constant area ratio. The break in the burning rate pressure curve has 
been investigated, but no consensus has been reached to explain this phe- 
nomenon. 15,37-39 

Negative pressure exponents have been deliberately produced by varying 
the particle size of AP, aluminum-content catalysts, and burning rate ad- 
ditives. 40,41 In some cases, fusible salts have been added to moderate the 
combustion mechanism by producing a greater thermal barrier and by 
suppressing the dissociation of the AP dissociation by generating copious 
amounts of ammonium ions. Typical formulations are shown in Table 8. 
The effect of reduced tt k and increased specific impulse is demonstrated 
in Table 8, and typical burning rate pressure curves are shown in Figs. 22 
and 23. 

Increasing the range of artillery projectiles required long-duration gas 
generants that burn steadily at the base of projectiles at low pressures. 



Table 8 Composition and properties for typical negative exponent propellants 



Composition, % 



AP 



Al 



Combustion 
modifier 



PU 



I? deliv., 
6.895 MPa 



Density, 

g/cm 3 



65 
78 
84 



19 
6 
0 



1 
1 

0-1 



15 
15 
15 



248.0 
245.5 
240.8 



1.77 
1.72 
1.69 



-0.50 
-0.73 
-0.098 



"Average value between maximum and minimum burning rates. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



80 



K. KLAGER AND G. A. ZIMMERMAN 



0.15 



Chamber Pressure, MPa 
4.14 5.52 6.895 10.34 13.79 




600 800 1000 1500 
Chamber pressure, psi 

Fig. 22 Negative n under 1500 psi. 



Swedish investigators tested conventional AP-polybutadiene propellants 
successfully. 42 New formulations made from ultrafine AP and thermoplastic 
binders result in very low pressure burning rates. 43 These compositions 
have found useful applications in gun projectiles to eliminate drag 
(Fig. 24). 

Other Parameters 

Rocket motor caused effects. Other factors that have an effect on burn- 
ing rate usually become apparent by firing rocket motors. These are as- 
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Fig. 23 Negative exponent propellant, strand vs motor data. 
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Fig. 24 Base blend propellant combustion under vacuum condition. 

cribed to processing, migration, aging, rate of polymerization, and propellant 
state of cure. Erosive burning in the motor may also affect propellant 
burning rate. Ali of these factors puzzled ballisticians and burning rate 
modelers for many years, but they became apparent only when rocket 
motors were dissected and the propellant burning rates and mechanical 
properties were experimentally evaluated. The results of these extensive 
investigations recognized that the problems originated in the rheological 
behavior of the uncured propellants. Changes in formulations and pro- 
cessing reduced or eliminated these problems. 44 

Processing. Processing effects can occur both during mixing and cast- 
ing. The effect in mixing both type and size, particularly where a fine 
oxidizer is present, is due to inadequate breakup of oxidizer agglomerates, 
resulting in lower burning rates. The rheological properties of uncured 
propellants are influenced by solid particles, size, shape, and distribution 
and by the viscosity of the binder. These cause great differences in the 
flow during casting because the uncured propellants are non-Newtonian, 
but pseudoplastic; therefore, the viscosity and shear properties determine 
the flow pattern, causing orientation and separation of the solid particles. 
The result is a change in both mechanical properties and burning rates. 
As shown in Fig. 25, two propellants, having different colors simultaneously 
cast, move the pseudoplastic materials — not on the surface — but force the 
flow into various directions toward the rocket wali or around the core. 
Test specimens taken from such motors, either horizontally or vertically, 
demonstrate these differences in both mechanical properties and burning 
rates that affect rocket motor performancc, 45 as shown in Fig. 26. 
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Fig. 25 Cross section of cured propellant showing flow lines formed during 
casting. 



Migration. Migration of various species in the propellant, such as plas- 
ticizers or liquid burning rate catalysts, into the liner/insulation will change 
the interfacial burning rate. 46 The rate increases with the migration of inert 
ingredients and decreases with the migration of catalysts. Most of the 
migration occurs in the uncured stage, but it may continue even when cure 
is completed, until equilibrium is reached in both phases. The migration 
effect is shown in Fig. 27. The density increases at the interface, which 
affects the burning rates. This is most serious in end-burning grains, pro- 
ducing a coning of the grain that greatly increases pressure as burning 
progresses. 

Aging. Aging usually does not affect the burning rate of AP propel- 
lants. Where volatile materials such as the plasticizer or liquid burning rate 
catalysts are used, the burning rate may change with aging due to loss of 
these materials. If an inert plasticizer is lost, the burning rate increases, 
and vice versa for the loss of the burning rate catalyst. The greatest effect 
is observed when energetic plasticizers are lost through evaporation or 
migration. In addition, overaged propellants with breakdown of polymer 
or loss of plasticizer may show erratic burning behavior. 
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Fig. 26 Burning-rate variation across web correlates with mechanical properties. 



Effect ofcure. The propellant state of cure has an effect on the burning 
rate. As shown in the previous discussion (see Figs. 4 and 5), the uncured 
or liquid propellant has a different burning rate than the cured propellant. 

Erosive burning. Erosive burning, due to a scrubbing effect on the 
propellant caused by the gas flow in the motor, can increase the propellant 
burning rate over that measured in the Crawford bomb. It is more pro- 
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Fig. 28 Theoretical and experimental burning-rate-pressure relationship for 
various crossflow velocities for HTPB propellant. 

nounced in lower burning rate propellants, and its relative effect is ap- 
proximated by //r 6 . 47 The effect of the gas flow on the propellant burning 
rate in motors is shown in Fig. 28. The burning rate increases with the gas 
flow and continues to increase as the flow rate increases. 

Acceleration. The effect of acceleration loads during flight, applied 
normal to the burning surface of the propellant on the burning rate, can 
be appreciable. It is strongly dependent on the angle of acceleration vector 
with respect to the burning surface. 48 It is influenced by propellant com- 
position, as shown in Fig. 29, with four different propellant compositions. 

Composite Propellants with Other Oxidizers 

Introduction 

The use of oxidizers other than AP and HMX/RDX in propellants with 
inert binders is limited. However, both ammonium nitrate and potassium 
perchlorate have been and are being used as sole oxidizers, with most of 
the others confined to the role of additives. The use of ammonium nitrate 
finds renewed interest even with its low performance and moisture sensi- 
tivity because of its smokeless combustion and low hazard sensitivity. Po- 
tassium perchlorate's use appears extremely limited due to its low performance 
and smoky combustion, even though it is hazard insensitive. Although 
lithium perchlorate (LiP) has a very high oxygen content, it has never been 
seriously considered for composite propellants because of its hygroscop- 
icity. In addition, LiP is soluble in most organic binders, which, after cure, 
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results in very hard propellants with a high brittle point and poor me- 
chanical properties. 

To be used successfully in propellants, ammonium nitrate must be phase 
stabilized — to avoid significant volume change with temperature — by ma- 
terials such as potassium nitrate (KN0 3 ), copper oxide (CuO), nickel oxide 
(NiO), or zinc oxide (ZnO) introduced into the crystal 49 ; however, these 
additives further reduce the already low performance. To help perfor- 
mance, mixtures of various proportions of ammonium nitrate and AP have 
been used, which were optimized for specific impulse. Amine perchlorates 
and nitrates have been investigated as replacements for AP because of 
increased specific impulse. However, the great sensitivity to hazard and 
excessive hygroscopicity have eliminated these oxidizers from practical use. 

Ammonium Nitrate 

The burning rate of the ammonium nitrate propellants is rather limited, 
ranging from —0.08 to 1.0 cm/s at 6.895 MPa. Particle size of the ammonium 
nitrate does not have the same effect on the burning rate of the propellants 
as it does with AP. Combustion catalysts must be used to obtain higher 
burning rates with acceptable pressure exponents. The most widely used 
are the chromium compounds, including chromium trioxide (Cr 2 0 3 ), with 
copper chromite (Cu0202) also being effective. The burning rate is strongly 
influenced by the stabilizer, with the NiO phase-stabilized oxidizer giving 
higher burning rates. Carbon is a particularly effective catalyst when used 
in conjunction with one of the other catalysts. 

Metals have not found a use with ammonium nitrate. For example, 
aluminum does not burn efficiently and, therefore, performance is low 
even though calculations indicate the potential for high performance. 
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The pressure exponent and the temperature sensitivity of these propel- 
lants are high. The values for pressure exponents without catalysts are 
around 0.8 or higher, whereas with catalysts the values tend to range from 
0.5 to 0.65 or slightly higher. The values for a p are high, and tt k values 
are also high — usually around 0.17%/°C. 

Mixtures of AP and ammonium nitrate have been used successfully in 
rocket applications compounded with polyester-acrylate binders, 29 which 
are strong enough to withstand the phase and density change of ammonium 
nitrate over a wide temperature range. 50 The burning rate can be regulated 
by AP concentration and particle size. 

Potassium Perchlorate 

This oxidizer found early use in propellants such as the JATO rocket. 12 
Currently, its use is confined to specialized applications, such as a com- 
bustion instability suppressor when admixed to AP. It is relatively insen- 
sitive and difficult to ignite at ambient pressure. 

The burning rate of potassium perchlorate propellants is increased with 
increased solids loading, but particle size has virtually no effect on burning 
rate. 17 There appears to be no combustion catalyst that will affect its burn- 
ing rate. Metals have no utility with this oxidizer. The pressure exponent 
of the propellant tends to be high, around 0.7 and above. Temperature 
sensitivity is also high. In general, there are no routes to affect the burning 
characteristics of this oxidizer. 

Hydrazine Perchlorate 

Interest in hydrazine perchlorate as a replacement of AP in solid com- 
posite propellants is based on a potential increase of up to 10% in specific 
impulse prediction by thermodynamic calculations. Its use was possible as 
an AP replacement when spherical particle shapes of various diameters 
were developed, permitting high solids loading in formulating the propel- 
lants. 51 Various binders were selected, and compositions were tested in 
micromotors. The burning rates were similar to AP compositions. How- 
ever, the very high sensitivity to hazards discouraged work in scaling the 
promising performance of hydrazine perchlorate propellants. 



IV. Burning Rate of Double-Base Propellants 

Introduction 

Double-base propellants, the combination of nitrocellulose (NC) and 
NG, were used as a Standard propellant for military use as artillery am- 
munition and also in propulsion units for small rockets. Size and processing 
limitations prevented their use in larger rockets. A series of process changes, 
from extrusion to casting powder process and, finally, to the slurry cast 
process, opened the way to a variety of formulations used in any size 
rockets. The inexpensive starting chemicals, NC and NG, gave an excellent 
economical base to widen the use of double-base as an energetic binder 
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for composite modified double-base (CMDB) propellants of highest bal- 
listic performance. 

Double-Base Propellants 

Typical extruded double-base propellants show a pressure-burning rate 
relationship similar to composite propellants. The burning rate generally 
increases with the energy content, as shown in Fig. 30. Typical measure- 
ments are reported by Bucerius 52 and shown in Fig. 31. Therefore, the 
energy content and, consequently, the burning rate and pressure coefficient 
can be varied with the selection of the plasticizer type and also the amount. 
In addition to NG, other nitrato-esters, such as diethylene glycol dinitrate, 
triethylene glycol dinitrate, trimethylol ethane trinitrate, butane triol trin- 
itrate, and others by themselves or in combination with NG, give a great 
variation of energetic compositions, allowing tailoring for specific impulse, 
burning behavior, and mechanical properties. 53 57 

Catalysts 

The high-pressure exponent in Standard double-base propellants causes 
problems in rocket design and performance. Avery et al. 58 made the im- 
portant discovery that the burning mechanism could be significantly changed 
by the addition of small amounts of catalysts or modifiers that raise the 
burning rates and pressure exponents. The well-known lead and copper 
salts with and without carbon black provide "super-rate" burning. 59 Actual 
increases in burning rates and changes in the burning-rate pressure curve 
are a function of catalyst concentration 52 (Fig. 32). Eisenreich and Pfeil 60 
showed that the catalyst activates the decomposition of NC, which increases 
the burning rate. Lead salicylate also increases the burning rate and pro- 
duces plateau burning, where, without catalyst, the burning rate is low and 
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Fig. 30 Burning rate vs heat of expIosion, double-base propellant various 
compositions. 
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Fig. 31 Burning rate of double-base propellants. 
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the pressure exponent 61 is high (Fig. 33). The effect of catalysts is further 
emphasized as shown in Fig. 34, where the effect of copper concentration 
and copper plus lead in different modes is shown. 62 Another catalyst for 
the burning rate is carbon black, which is effective in small quantities; the 
type and the specific surface of the carbon black used are significant. 63 

Binder-Plasticizer 

The effect of plasticizer and plasticizer content of the propellant has an 
effect on the burning rate by increasing or decreasing binder energy 52 (Fig. 
31). The propellant burning rate increases dramatically with the binder 
heat of the explosion in catalyzed and uncatalyzed compositions. 

Other Parameters 

Other factors, such as material source, processing, 61 and aging, may 
affect the burning rate of double-base propellants. This is shown in Fig. 
35, where identical compositions are processed to give either a hard or a 
soft propellant having different burning rates. The difference in burning 
rates becomes even greater when a slurry cast and a compression-formed 
composition of similar c* are compared. This difference in combustion 
behavior only occurs with the incorporation of the moderators into the NC 
(Fig. 36), where the granulate process produces the highest burning rate. 
Cross-linking of the double-base binder, according to Brachert, 61 has no 
effect on the burning rate. Aging may produce a reduction in the burning 
rate due to plasticizer loss or degradation of the propellant with time. 
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Fig. 33 Effect of catalyst on double-base propellants. 
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Fig. 34 Double-base propellants, effect of catalysts. 
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Fig. 35 Effect of NC source and processing on burning rate. 
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Fig. 36 Effect of processing, slurry cast vs extrusion. 



Composite Modified Double-Base Propellants 

Nitrato-esters and NC are used as a basic binder for the incorporation 
of solids used in composite propellants. These compositions, designated 
as composite modified solid propellants, are highly energetic and give an 
almost unlimited combination of compositions with any desirable ballistic 
performance and density. The following sections give examples of the 
variables that affect burning rates. 

1) Effect of solids. AP raises the basic double-base burning rate sig- 
nificantly. 55 The increase in burning rate at the same energy level depends 
on the particle size (Fig. 37); however, the usual double-base catalysis with 
lead-copper compounds becomes ineffective when AP is added. 

Aluminum by itself, when added to double-base propellant, raises the 
specific impulse with little change in the burning rate (Fig. 38); however, 
the effect of catalysis is gradually eliminated, as in the case with AP- 
containing formulations. 61 CMDB propellants containing both aluminum 
and AP behave like a composite propellant with a small increase in per- 
formance over compositions containing AP alone. 

2) Effect of binder. CMDB propellants containing AP and aluminum 
have been modified with inert binder materials, such as polyesters, which 
can be chemically cross-linked with diisocyanates to improve mechanical 
properties. These propellants are also called cross-linked double-base 
(XLDB) or elastomer modified composite double-base (EMCDB) pro- 
pellants. 64 ' 65 The amount of NC as the cross-linking component has been 
minimized or even eliminated, and it has been replaced by other composite 
cross-linkers. The burning rates of the energetic propellants can be tailored 
mostly by the amount and particle size of AP, 64 as shown in Figs. 39 and 



&A1AA 

faVhU^hnwhriiiBfBnkmlmty Purchased from American Institute of Aeronautics and Astronautics 

92 K. KLAGER AND G. A. ZIMMERMAN 




600 800 1000 1200 

Heat of exp lo s ion , c a l/g 

Fig. 37 Burning rate of CMDB propellants. 

40. In addition, the amount and the type of energetic plasticizer used in 
the formulation affect the burning rate. 66 

V. HMX/RDX Propellants 

Propellants with HMX and RDX as additives to AP propellants have 
been previously discussed herein. As the principal oxidizers, these explo- 
sives are used for highest performance or for their smokeless exhaust. 65 In 
applications, these energetic compounds act as oxidizers and are almost 
always used with an energetic binder to realize the greatest performance 
gains. This was made possible with the development of the slurry cast 
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Fig. 38 Effect of aluminum on double-base. 
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Fig. 39 Elastomer modified double-base propellant, effect of temperature on 
burning rate. 
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Fig. 40 Elastomer modified double-base propellant, effect of particle size 
burning rate. 
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process, utilizing the great variation of binders, plasticizers, and solids to 
optimize the specific impulse. The burning rates of the energetic compo- 
sitions are relatively narrow, —0.76-1. 27 cm/s at 6.895 MPa, but they can 
be enhanced with additives such as AP and aluminum. For minimum smoke 
propellants, they must be used without other materials that produce smoke 
or particulate exhaust. 

Effect of Solids and Particle Size 

In the comprehensive studies by Kubota et al. 67 (that are also referenced 
by McCarty et al.), 68 the HMX and RDX combustion was evaluated in 
several inert binders, such as polyesters and hydroxy terminated polybu- 
tadiene polymer (HTPB). Their results indicated that the total solids con- 
tent affects the burning rate of these compositions. The burning rate was 
found to be a function of the HMX concentration and particle size, 35,69 as 
shown in Fig. 41. Kubota found that RDX gives higher burning rates than 
HMX at equivalent solids loading 67 ; similar data were presented by Fukuma 70 
(Figs. 42 and 43). The effect of particle size ratios of an 80% solids-loaded 
HTPB was also studied by Kubota, 67 who showed that as the amount of 
fine particle increased, the burning rate decreased (Fig. 44). He also showed 
that, as the fines increased, the pressure coefficient decreased. 

Binder-Plasticizer 

Both the binder and the plasticizer used in the uncatalyzed HMX/RDX 
propellants have an effect on the propellant burning rate. This is readily 
evident in comparing the burning rates 68 in Fig. 45. Results reported with 
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Fig. 41 Burning rate characteristic of RDX composite propellant. 
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Fig. 42 Comparison of RDX and HMX propellants. 

40% RDX propellant in an NC binder and NG plasticizer (EMCDB pro- 
pellant), shown in Fig. 46, demonstrate a plateau that is evident with the 
high NC binder. This plateau disappears with a lower NC content of the 
CMDB binders. With an inert binder and nitratoplasticizer, the burning 
rate is somewhat less than with the EMCDB propellant, although some of 
the differences may be due to the higher RDX content of the propellant. 36 
Increased binder energy, with other plasticizers such as FEFO, 66 showed 
little effect on the burning rate of the catalyzed propellants. 

McCarty et al. 68 compared various inert binders with energetic binders 
to determine their effect on the burning rate of HMX propellants, as shown 
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Fig. 43 Strand burning rate of nitramine gas generant. 
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Fig. 44 Burning rate of RDX-HTPB propellant, effect of particle ratio (80% 
RDX). 



in Fig. 45. The energetic binder produced a threefold increase in the burn- 
ing rate over the rates of inert binders. The energetic binder-containing 
propellant was still below the burning rate of compressed pure HMX. These 
data also show an increase in burning rate with the increase in binder 
energy. However, it must be emphasized that the pressure exponent is 
very high, and, therefore, the propellant is not for practical use. 

Other Additives 

The addition of aluminum to the catalyzed propellants containing a dou- 
ble-base binder destroys the effect of the catalysts (Fig. 38). To obtain 
burning rate control, as well as to obtain efficient combustion and per- 
formance from the aluminum, it is necessary to add AP. Although the 
effect of the addition of aluminum in an inert or energetic binder-plasticizer 
propellant has little effect on the burning rate of such HMX/RDX com- 
positions, 35 the addition of AP causes the burning behavior to approach 
that of a composite propellant containing an inert binder (Fig. 47). 

Modifiers and Catalysts 

Mechanical property at low temperature with propellants using double- 
base binders is improved at the expense of specific impulse when part or 
all of the NC is replaced by inert binders, such as polyesters or polyethers 
compatible with high-energy plasticizers. 64,65 Burning rates up to 1.27 cm/ 
s at 6.9 MPa have been measured 64 with HMX and RDX in energetic 
binders, using lead salts with carbon in CMDB or EMCDB propellants. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



STEADY BURNING RATE 



97 




m 0.1 



0 . 05 



0.13 



200 500 1000 2000 

Chamber pressure,psi 



5000 



Fig. 45 Effect of binder on burning rate. (PEG = polyethylene glycol; R-18 
diethylene glycoladipate polymer.) 
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Fig. 46 British elastomer modified propellant containing ballistic modifiers. 
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Fig. 47 Comparison of burning rates of HTPB propellants containing AP, Al, 
and RDX or HMX. 

The effectiveness of this binder and catalyst combination is shown in Fig. 
48, where the catalyzed and uncatalyzed propellants are compared. Effec- 
tive lead compounds include most organic and inorganic compounds, with 
some more effective than others in particular propellants. For maximum 
effectiveness, the lead compound should be <2 u.m. The selection of the 
carbon to be used does not appear to have a clear rationale, although its 
effect has been related to specific surface and structure. 63 A lead-to-carbon 
ratio of 2:1 appears to be optimum, with a point of diminishing returns at 
about 2.5% of total catalyst. Some compositions have optimized at 1% of 
the catalyst combination. 

Kloehn 64 used the versatile slurry cast process to make an extensive 
study of RDX-containing propellant with PU elastomers and NC plasticized 
with NG. Figures 49 and 50 show the burning rate of such compositions 
containing 30-40% RDX with and without catalyst. The pressure coeffi- 
cient is not affected by the catalytic modifier. However, when the NC is 
used in ball powder form containing catalysts, then the burning rate, as 
shown in Fig. 51, shows a reduction in the pressure exponent. Other com- 
positions with XLDB as a binder for the propellants contain concentrations 
of less than 40% HMX and have plateau burning characteristics between 
6.9-13.8 MPa. The burning rate decreases as the amount of HMX in- 
creases, for the catalysts affect the binder combustion rather than the 
nitramine 70 (Fig. 52). 

Temperature and Pressure 

Several additives serve to reduce pressure exponents of HMX/RDX 
propellants. The pressure exponent of the HMX/RDX propellants is ef- 
fectively reduced by the addition of the lead-carbon catalysts. The addition 
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Fig. 49 Burning rate of CMDB propellants containing RDX. 
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Fig. 52 Burning rate vs HMX content. 



of aluminum to the HMX/RDX propellants also lowers the pressure ex- 
ponent of these compositions. With the high N C content of the EMCDB 
propellants, plateau burning and very low values of tt k are obtained. In 
general, the pressure exponents of the HMX/RDX propellants may vary 
from essentially 0 to 0.6, but they are extremely dependent on pressure, 
with values of 0.8 and 13.8-17.3 MPa. The value of t; k of the plateau 
composition formulations is almost zero over this pressure range (Fig. 53). 

The a p values for the HMX/RDX propellants with energetic binders, 
even without catalysts, are generally low, ranging from <0.04 to 0.08%/°C, 
the higher HMX or RDX content producing lower values. The addition 
of the combustion catalysts generally produced lower values of u p and, 
coupled with low pressure exponents, would be expected also to produce 
low tt^ values in motors. The -n K values are usually about 0.04-0.045%/°C. 

Other Parameters 

As with the AP propellants, other factors, such as processing, migration, 
and aging, must be considered. In processing it is essential that HMX/ 
RDX and catalyst agglomerates be adequately dispersed to obtain the 
desired burning rate. With the high amounts of energetic plasticizers in 
these propellants, due care must be taken to avoid plasticizer migration. 
Aging and its effect on burning rate becomes more of a problem with these 
compositions due to the high vapor pressure of the plasticizer, the resulting 
loss of plasticizer, or binder degradation with time. 66 

VI. GAP Propellants 

For many years, series of binders, oxidizers, and plasticizers have been 
synthesized and evaluated without finding practical applications. The bind- 
ers were characterized by high nitrogen content, e. g. , fluoro or nitro groups 
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Fig. 53 Temperature sensitivity vs HMX content. 
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bonded to carbon or nitrogen, acetylenic chemicals, etc. These binders are 
difficult to prepare and are expensive. The propellants showed interesting 
combustion behavior, but they are not covered here as they have not been 
practical for one reason or another. However, a new binder called GAP 
(glycidyl azide polymer) has found great interest because of its potential 
as an energetic binder for minimum smoke, signature-free propellants and 
high-performance compositions. A large amount of information is gradu- 
ally being developed, but it would be premature to cover this topic in depth 
here. The reader is referred to the excellent works by Devenas 71 and 
Kubota and Sonobe 72,73 and the following chapter. 

VII. Conclusions and Future Directions 

The steady-state burning rate of propellants is a critical parameter for 
the rocket designer. Current measurement techniques in both strands and 
motors have proven to be adequate, with an accuracy of ± 2-3%, although 
greater precision would be desirable. The use of uncured burning rate 
strands has been a valuable tool for control in processing prior to casting. 
The correlation between solid strand burning rates and actual motor per- 
formance is important in predicting rocket performance in the cured solid 
rocket motor. 

The variables affecting burning rate magnitude include the following: 
oxidizer type, shape, and size; size distribution and purity; fuel and metal 
content; type, shape, and particle size of metals; type and ratio of binder- 
plasticizer and total solids content; catalysts and additives; initial pressure 
and initial temperature; processing, casting, and cure; and migration and 
aging. 

Composite propellants based on AP as the oxidizer have the largest 
burning-rate tailoring capability. Ali of the variables tested, except for 
aging, have a significant effect on their burning rate. Burning rates for 
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these propellants can be varied from about 0.25 to 15.0 cm/s at 6.895 MPa. 
Pressure exponents of burning rate have been calculated as low as zero 
over a limited pressure range, although they normally vary from 0.3 to 
0.6. Temperature sensitivity of the burning rate in motors may be as low 
as 0.02%/°C for these propellants in motors, but it normally ranges from 
0.06 to 0.11%/°C. 

Among the compositional variables, the AP content and particle size, 
along with the combustion catalysts, have the greatest effect on the com- 
posite propellant burning rate. 

With ammonium nitrate and potassium perchlorate as oxidizers, the 
burning rate spectrum is narrow and limited to greater variability. Potas- 
sium perchlorate propellants are not affected by any of the compositional 
variables, such as particle size or catalysts, except the solids content. Am- 
monium nitrate propellants can be tailored over a burning rate range from 
0 to 1.0 cm/s at 6.895 MPa only with catalysts such as copper chromate or 
ammonium dichromate. The pressure exponents of these propellants con- 
taining ammonium nitrate are as high as 0.6, and the tt k values are also 
high, on the order of 0.2%/°C. Mixtures of AP and ammonium nitrate 
have been successfully applied in propellants when greater performance 
and low burning rates were desired. 

The burning rate of double-base propellants is affected largely by energy 
content and catalyst. The most effective catalysts are lead and copper 
compounds that produce plateau and mesa burning characteristics over a 
useful pressure range. Burning rates may be varied from 0.25 to 2.5 cm/s 
at 6.895 MPa with pressure exponents of zero or negative value. Therefore, 
the tt k values approach 0%/°C with low exponent compositions. 

The burning rate behavior of the composite modified double-base pro- 
pellants with AP as the oxidizer is similar to inert binder-based composite 
AP propellants. Metals in the compositions deactivate the catalysts or 
modifiers; also, the presence of AP renders the catalysts inactive. 

The burning rate of HMX- and RDX-containing double-base propellants 
without catalyst is dependent on the binder. Energetic binders with these 
solids as the principal oxidizer produce the highest burning rate, whereas 
inert binders have a narrow spectrum of burning rates. RDX propellants 
give higher burning rates than formulations containing HMX. Normally 
these oxidizers are used with energetic binders, where the burning rate is 
dependent on the binder decomposition and the lead/carbon catalysts. The 
burning rates of these catalyzed compositions range from 0.76 to 1.3 
cm/s at 6.895 MPa with pressure exponents from 0.4 to 0.6. With a high 
nitrocellulose content and low nitramine as solid oxidizer, the formulations' 
compositions exhibit plateau burning with higher burning rates and low 
tt^ values. 

Differences in pressure/burning rate curves of double-base propellants 
have been reported when additives were incorporated into the formula- 
tions. 

The reason for such contrary results may be the sensitivity of materials' 
variables used in formulations; variables in the performance of the exper- 
iments, such as catalyst and modifier particle size and shape; and processing 
by various methods such as extrusion or casting, which may orient some 
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of the ingredients, which then together lead to opposing results. Some of 
these very important details have not been reported or even recorded, 
which makes it difficult for the modelers to develop theories for the com- 
bustion. The designer can then rely only on the formulation never being 
changed in order to have the same rocket performance. Unfortunately, 
this is a handicap for quality control and reliability of the products in 
practical use. 

The use of GAP as a binder is under vigorous investigation at many 
facilities. Data to date show that it produces higher burning rates with all 
oxidizers and that the response to the variables is similar as for other 
binders. 

Table 9 identifies the important variables affecting the different com- 
bustion parameters of solid propellants. 

Future directions affecting steady-state burning rates of all propellants 
will depend on continued research for the development and understanding 
of new approaches to combustion. Some effort in this direction is occurring 
with the incorporation of catalytic moities into the binder polymer back- 
bone. Work with the new GAP propellants shows progress toward higher 
burning rates. Adoption or refinement of the use of quaternary salts in 
AP propellants offers an avenue to lower pressure exponents and reduced 
tt k . Increases in performance will be sought with the use of new energetic 
oxidizers, energy-rich binders, and specific catalysts. New instant burning- 
rate readings during the production before casting are required and sorely 
needed. Approaches to understand the parameters leading to tailor the pres- 
sure coefficient are desirable. The effect of high-pressure rocket motor designs 
must be studied by developing propellants that work at very high pressure 
without changing the ballistic parameters and without increased hazards in 
operation. 
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Nomenclature 



c 




specific heat, kJ/kg K 


E 




activation energy, kJ/mole 


k 




reaction order defined in Eq. (18) 


n 




pressure exponent of burning ratc 


P 




pressure, MPa 


Q 




heat of reaction, kJ/kg 


9A 




gas constant, kJ/mole K 


r b 




burning rate, m/s 


T 




temperature, K 


X 




distance, m 


Z 




pre-exponential factor 


a 




thermal diffusivity at the burning surface defined in Eq. (5), m 2 /s 


0 




temperature sensitivity of heat release in gas phase defined in 






Eq. (17), K- 1 


X 




thermal conductivity, kW/m K 






weight fraction of crystalline energetic particles 


P 




density, kg/m 3 






temperature sensitivity of burning rate defined in Eq. (1), K -1 






temperature sensitivity of gas phase defined in Eq. (8), K -1 






temperature gradient in the gas phase defined in Eq. (3), K/m 






temperature sensitivity of condensed phase defined in Eq. (9), K" 1 



Copyright © 1990 by the American Institute of Aeronautics and Astronautics, Inc. Ali 
rights reserved. 

*Director, Propulsion Directorate, Third Research Center. 



111 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 

112 N. KUBOTA 

i]j = temperature in the condensed phase defined in Eq. (4), K 
O = temperature sensitivity of gas-phase reaction rate defined in Eq. (16), 
K" 1 

w = reaction rate in the gas phase, kg/s-m 3 
Subscripts 

g = gas phase 

p = pressure or propellant 

s = burning surface 

0 = initial condition 



Introduction 

THE temperature sensitivity of the burning rate is a parameter of con- 
siderable relevance in solid-propellant rockets. Reduction in temper- 
ature sensitivity reduces the combustion instability occurring in rocket motors 
and improves the ballistics of rocket projectiles. Although the temperature 
sensitivity is defined by the steady-state burning rate as a function of the 
initial propellant temperature, the characteristics of temperature sensitivity 
play an important role in the understanding of non-steady-state burning 
phenomena. 1 Since the combustion process of solid propellants is a chemical- 
reaction phenomenon, the burning rate of propellants depends on the 
thermochemical potential of the propellants and the heat feedback mech- 
anism in the combustion wave. 2 The thermochemical potential is increased 
by the external heat input given to the propellants, which is consumed in 
heating up the propellant temperature. Thus, the burning rate appears as 
a function of the initial propellant temperature, which is the so-called 
temperature sensitivity of burning rate. 

There have been numerous experimental and theoretical studies on the 
combustion mechanisms and burning-rate characteristics of solid propel- 
lants. The mathematical models presented in the past successfully predict 
the burning-rate characteristics. However, these models include various 
physical and chemical parameters that have to be determined experimen- 
tally. The combustion wave of solid propellants is highly complicated, and 
measurements of the thermochemical properties are very difficult. 3,4 It is 
well known that the burning rate of solid propellants depends on various 
physicochemical parameters, such as chemical compositions, mixture ratio 
of oxidizer and fuel, size of crystalline oxidizers, and burning-rate catalysts. 
Thus, the temperature sensitivity of burning rate has to be determined as 
a function of these parameters. 

Cohen and Flanigan 5 presented a review paper that summarizes the 
temperature-sensitivity models of various types of solid propellants pro- 
posed by previous investigators. The review is very extensive and useful 
in illuminating the overall view of the temperature-sensitivity mechanisms. 
The temperature sensitivity of ammonium perchlorate composite propel- 
lants was examined extensively, based on the experimental burning-rate 
data. 6 12 The propellants with higher burning rates tend to have lower 
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temperature sensitivity. Simplified analyses 5 indicated that higher burning- 
surface temperature or lower heat release at the burning-surface temper- 
ature or lower heat release at the burning surface tends to decrease the 
temperature sensitivity. Osborn and co-workers 911 conducted detailed ex- 
aminations to obtain the physical parameters most influential in affecting 
temperature sensitivity. They obtained a relationship between the oxidizer 
particle-size, catalyst and temperature sensitivity. 

Comprehensive combustion models of double-base propellants have been 
proposed to determine the burning-rate and temperature-sensitivity char- 
acteristics. 13-15 Kubota and Ishihara 16 presented a temperature-sensitivity 
model of double-base propellants based on the energy balance at the pro- 
pellant burning surface. The temperature sensitivity decreases with decreasing 
activation energy in the gas-phase reaction and/or increasing gas-phase 
temperature. Based on the model presented by Kubota and Masamoto, 17 
Swaminathan and Soosai 18 made an analysis of the temperature sensitivity 
of composite modified double-base propellants. They examined the effect 
of the size and concentration of crystalline oxidizer particles mixed within 
a double-base propellant matrix. Nitramine composite propellants burn 
with a significantly different combustion mode when compared with am- 
monium perchlorate composite propellants. 19 " 22 Since very little burning- 
rate data related to nitramine composite propellants have been presented, 
the temperature sensitivity of this class of propellants has not been ana- 
lyzed. The propellants made of azide polymers burn very rapidly, even 
though the combustion temperature is low. 23,24 The observed high-tem- 
perature sensitivity of azide polymers is caused by the heat produced at 
the burning surface. 

This chapter presents a simplified analysis of the temperature-sensitivity 
mechanism based on the heat feedback process in the combustion wave. 
The physical and chemical parameters that affect the combustion wave 
structures are also described as a function of the initial propellant tem- 
perature. Analysis of the structure of the combustion wave gives valuable 
information on the burning-rate characteristics, which forms a basis for 
the temperature-sensitivity mechanism. In addition, experimental results 
of the temperature sensitivity of various types of propellants are presented. 

Theoretical Analysis 

The combustion wave structure of a solid propellant appears to be dif- 
ferent when the propellant is formulated with different chemical materials. 
However, in general, the combustion wave of a solid propellant is known 
to consist of several successive zones: 1) nonheated, 2) preheated, 3) sub- 
surface reaction, 4) surface reaction, 5) diffusion, 6) gas-phase reaction, 
and 7) flame zones (see Fig. I). 2 In the nonheated zone, no appreciable 
thermal effect exists from the hot flame in the gas phase, and the initial 
propellant temperature (T 0 ) remains essentially unchanged. In the pre- 
heated zone, the temperature increases from T 0 to the temperature of the 
subsurface reaction (T d ) by heat conduction. In the subsurface and surface 
reaction zones, decomposition and/or gasification reactions, including phase 
change from solid to liquid and to gas, occur. The temperature increases 
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Fig. 1 Schematic representation of combustion zones of a solid propellant at the 
initial propellant temperatures T 0 and T„ + Ar o . 



from T d to the burning-surface temperature (T s ) by the heat flux transferred 
back from the gas phase to the burning surface and by the heat of decom- 
position (exothermic or endothermic) at the subsurface and surface reaction 
zones. The gaseous fragments of oxidizer and fuel components produced 
at the burning surface mix with each other to produce reactive species in 
the diffusion zone just above the burning surface. The reactive species 
reacts exothermically, and the temperature increases from T s to the com- 
bustion temperature (T f ) in the diffusion and reaction zones. Accordingly, 
a steep temperature gradient is formed above the burning surface. In the 
flame zone, the final combustion products are formed, and the temperature 
reaches maximum. 

It has been determined that the burning rate of solid propellants is 
controlled by the heat feedback mechanism at the burning surface and in 
the gas phase just above the burning surface. The gas-phase reactions 
occurring far downstream of the burning surface do not play important 
roles in determining the burning rate. Thus, the temperature sensitivity of 
the burning rate is also controlled by the reactions at the burning surface 
and in the gas phase just above the burning surface. 

The temperature sensitivity of the burning rate is defined by 




(1) 
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The heat-balance equation at the burning surface is represented by 

r b = a&lty (2) 

where 

* ■ (f). 

ili = T s - T 0 - Q s lc p (4) 

a, = k g /c p p p (5) 

When the logarithmic form of the heat-balance equation is differentiated 
with respect to the initial propellant tempe rature at a constant pressure, 
the following is derived 16 : 

+ mi - mi 

Since the physical properties of \ g , c p , and p p are assumed to be independent 
of T 0 , Eq. (6) is written as 

v p = $ + V (7) 

where 

<D = (d/^/dT Q ) p (8) 

* = -(d/^/8T 0 ) p (9) 

It is shown from Eq. (7) that temperature sensitivity consists of two pa- 
rameters, <t> and W: <P is the temperature sensitivity of the gas-phase re- 
action, which is determined by the gas-phase reaction process, and ^ is 
the temperature sensitivity of the condensed phase, which is determined 
by the condensed-phase reaction process. Substituting Eq. (4) into Eq. (9) 
gives 

'dT, S 



1 



T s - T 0 - — (10) 



One assumes that the burning rate is given by an Arrhenius-type pyrolysis 
law at the burning surface as 

r b = Z s exp(-E s mT s ) (11) 

Differentiating the logarithmic form of Eq. (11) with respect to the initial 
propellant temperature at a constant pressure gives the relationship of T s 
and T 0 as 

zt\ <jJ3iTl 
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Substituting Eq. (12) into Eq. (10), the temperature sensitivity of the 
condensed phase is given by 

¥ = (1 - <j p <30*IE,)I{T, - 7- 0 - QJc p ) (13) 

In general, the gas-phase structure of composite propellants is highly 
heterogeneous because of the diffusional mixing process between the de- 
composed gases of crystalline oxidizer particles and polymeric field. There- 
fore, the realistic mathematical modeling of <t> is very difficult. On the 
other hand, the gas-phase structure of double-base propellants is relatively 
homogeneous, and no diffusional process between the oxidizer and fuel 
gases is involved. Thus, the following gas-phase reaction model is appli- 
cable in the analysis of <t>. The heat flux transferred back from the gas 
phase to the condensed phase of a double-base propellant is represented 
by a simplified combustion model as 25 

\$ = \ g u> g Q^ p c p r b (14) 

Differentiating the logarithmic form of Eq. (14) with respect to T 0 at a 
constant pressure gives 

<D = H + 0 - <r p (15) 

where 

-W, 

9 - m. 

If one assumes that the reaction rate in the gas phase is given by a one- 
step &th-order Arrhenius-type reaction, the reaction rate is expressed as 

Substituting Eq. (18) in Eq. (16) gives 

/dT e \ E s 

n - hi) P *n (19) 

The heat generated in the gas phase can be given by 

Q g = c g (T g - T,) (20) 



Substituting Eq. (20) into Eq. (17) gives 
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Equations (7) and (15) give the following temperature-sensitivity expression: 

a p = (O. + 0 + ¥)/2 (22) 

Ammonium Perchlorate Composite Propellants 

Temperature-Sensitivity Characteristics 

Since composite propellants consist of finely divided crystalline oxidizer 
particles and a polymeric hydrocarbon fuel, the physical structure of the 
propellants is heterogeneous, and the combustion wave structure also be- 
comes heterogeneous. The oxidizer particles decompose at the burning 
surface of the propellant and produce gaseous oxidizer fragments. The 
oxidizer fragments react with the gaseous fuel fragments produced by the 
decomposition of the polymeric binder. Thus, the diffusional mixing pro- 
cess of these oxidizer and fuel fragments plays an important role in the 
combustion process of composite propellants. 

Numerous experimental and theoretical studies have been done on the 
combustion mechanisms of ammonium perchlorate (AP) -based composite 
propellants. 3 12,26-28 The burning-rate models that have been constructed 
describe fairly well the burning-rate characteristics as a function of burning 
pressure. The temperature-sensitivity behavior is not fully understood, 
however, because the combustion wave structure of AP propellants is 
highly heterogeneous and the measurements of the physical and chemical 
properties as a function of initial propellant temperature are difficult. 

Figure 2 shows typical results of the burning-rate characteristics of two 
types of AP composite propellants at T 0 = 243 and 343 K. Propellant 
AP(fn) consists of fine AP particles, and propellant AP(cn) consists of 
coarse AP particles with hydroxyl-terminated polybutadiene (HTPB) as a 
binder. The chemical compositions of the propellants are shown in Table 
1. Both burning rates increase linearly in a log r b vs log p plot in the 
pressure range 1.5-5 MPa. The temperature sensitivity is relatively con- 
stant throughout the pressure range for both propellants and is determined 
to be 0.0043/K for AP(fn) and 0.0042/K for AP(cn). It is evident that the 
temperature sensitivity decreases with decreasing AP particle size, i. e., 
with increasing burning rate. 

It is well known that the burning rate of AP composite propellants is 
altered by the addition of catalysts. 29 For example, the addition of a small 
amount of iron oxide increases the burning rate, and lithium fluoride de- 
creases the burning rate. The catalysts act on the reaction process in the 
combustion wave and alter the combustion mode and, thus, the temper- 
ature-sensitivity characteristics . 

Figure 3 shows the results of the effect of the addition of a catalyst on 
burning rate and temperature sensitivity. The burning rates of both pro- 
pellants AP(fn) and AP(cn) are increased significantly by the addition of 
1.5% Fe 2 0 3 (ferric oxide), which acts more effectively on the burning rate 
of AP(fn) than on that of AP(cn). The temperature sensitivity of propellant 
AP(fc) (fine AP particles with 1.5% Fe 2 0 3 ) is 0.0021 K" 1 and that of 
propellant AP(cc) (coarse AP particles with 1.5% Fe 2 0 3 ) is 0.0025 K" 1 . 
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Fig. 2 Burning-rate characteristics of AP composite propellants (noncatalyzed) 
at T 0 = 243 and 343 K. 



The relationship between temperature sensitivity and burning rate is shown 
in Fig. 4 as a function of AP particle size and burning-rate catalyst (Fe 2 0 3 ). 
The temperature sensitivity decreases when the burning rate is increased 
by the addition of either fine AP particles or Fe 2 0 3 . Very small values of 
the temperature sensitivity are seen when fine AP particles and Fe 2 0 3 are 
mixed. In addition, the temperature sensitivity is decreased more effec- 
tively by the addition of fine AP particles than by the addition of Fe 2 0 3 . 

Temperature-Sensitivity Analysis 

To understand the temperature-sensitivity characteristics shown in Fig. 
4, the parameter values of T s , (dT s /dT 0 ) p , <t>, and ^P are determined. How- 



Table 1 Compositions of AP composite propellants 
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Fig. 3 Burning-rate characteristics of AP composite propellants (catalyzed) at T„ 
= 243 and 343 K. 




5 7 10 20 
BURNING RATE, x 10 3 m/s 



30 



Fig. 4 Temperature sensitivity vs burning rate of noncatalyzed and catalyzed AP 
composite propellants. 
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ever, since the gas-phase structure of AP composite propellants is highly 
heterogeneous because of the diffusional process between the decomposed 
gases of AP and the binder, measurements of the detailed thermal profile 
in the combustion wave by microthermocouples are not possible. Thus, 
one assumes a one-step Arrhenius-type gasification reaction at the burning 
surface of propellants, and the following E s and T s values obtained by 
Steinz et al. 3 are used to determine these parameter values: E s = 63 kJ/ 
mole and T s = 800 K at r b = 3.7 x 1(T 3 m/s for propellants AP(fn) and 
AP(cn). Substituting the E s and T s values into Eq. (11) gives the T s and 
p relationship for AP(fn) and AP(cn). The parameter (dT s /dT 0 ) p is also 
determined by the substitution of T s values into Eq. (12). The results show 
that both T s and (dT s /dT 0 ) p increase as pressure increases for AP(fn) and 
AP(cn). Furthermore, (dTJdT 0 ) p is decreased by the addition of Fe 2 0 3 , as 
shown in Fig. 5. 

Using Eqs. (7) and (10) and the data of a p , T s , and (8T s /dT 0 ) p , <t> and 
<f are obtained. In the computations of 4> and the following parameter 
values are used: c p = 1.25 kJ/kg K and Q s = 252 kJ/kg. The calculated 
results of <!> and ^ are shown in Fig. 6, where the subscripts denote the 
type of propellants. It must be noted that <£> is smaller than W in the pressure 
range tested and that <& tends to increase and M' tends to decrease with 
increasing pressure for both propellants AP(fn) and AP(cn). This result 
indicates that the temperature sensitivity of the solid-phase reaction plays 
a more dominant role in <r p than that of the gas-phase reaction in the 
pressure range tested. Furthermore, the overall characteristics of 3> and 
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Fig. 5 Relationship of (dTjdT,,)^ and pressure for noncatalyzed and catalyzed 
AP composite propellants. 
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Fig. 6 Temperature sensitivities of the condensed phase and gas phase as a 
function of pressure. 



^ are determined to be unchanged when the assumed parameter values 
(E s and Q s ) used in the computations are changed. 

To measure the effect of the addition of Fe 2 0 3 on the temperature- 
sensitivity characteristics shown in Fig. 3, the analytical method used for 
the determinations of <t> and ^ of the noncatalyzed propellants AP(fn) and 
AP(cn) is also used for the catalyzed propellants AP(fc) and AP(cc). It 
has been reported that iron catalysts act on the reaction-rate augmentation 
in the gas phase above the burning surface of AP composite propellants. 
The chemical-reaction processes in the solid phase and at the burning 
surface are unchanged by the addition of the catalysts. 29 Thus, the same 
parameter values of E s and T s are used for the analysis of the catalyzed 
propellants AP(fc) and AP(cc). 

The calculated results show that the parameter (dT s /dT 0 ) p is decreased 
by the addition of the catalyst for both AP(fc) and AP(cc). This indicates 
that the burning-surface temperature becomes relatively independent of 
the initial propellant temperature when AP composite propellants are cat- 
alyzed with Fe 2 0 3 . As shown in Fig. 6, the value of 3> becomes very small, 
and that of ^ remains almost unchanged, when Fe 2 0 3 is added. Since the 
reaction rate of the decomposed gas generated at the burning surface is 
dependent on T s , the reaction rate in the gas phase of AP(fc) and AP(cc) 
comes to have little dependence on T 0 . Thus, the decrease in <j p catalyzed 
by the addition of Fe 2 0 3 due to the decreased gas-phase reaction parameter 
<t>. Similar results of the temperature-sensitivity characteristics obtained by 
the addition of Fe 2 0 3 are also obtained by the addition of 2,2-£w(ethyl- 
f errocenyl)propane . 12 
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Double-Base Propellants 

Temperature-Sensitivity Characteristics 

The combustion wave structure of double-base propellants consists of 
successive reaction zones 25 - 26 : subsurface, surface, fizz, dark, and luminous- 
flame zones. The burning rate is determined by the reactions mainly at 
the burning surface and in the fizz zone immediately above the burning sur- 
face. The luminous flame that appears some distance from the surface 
does not have a major effect on the burning surface. Since the thermal 
profile in the combustion wave is altered when T 0 is changed, the heat 
feedback process is also altered and, thus, the burning rate appears to 
depend on To. 

Figure 7 shows the burning-rate characteristics of two different types of 
double-base propellants at T 0 = 243 and 343 K 16 : a high-energy propellant 
consisting of 40.4% nitroglycerin, 55.6% nitrocellulose, and 4.0% di- 
ethylphtalate; and a low-energy propellant containing a high concentration 
of diethylphtalate. Diethylphtalate is known to be a plasticizer that reduces 
the energy of double-base propellants significantly. The adiabatic flame 
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Fig. 7 Burning rate and temperature sensitivity of high- and low-energy double- 
base propellants (Ref. 16). 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



TEMPERATURE SENSITIVITY 123 

temperature of high- and low-energy propellants are 2716 and 1778 K, 
respectively. 

The burning rates of both high- and low-energy propellants are approx- 
imately straight lines in a /kr b vs /i p plot. The pressure exponent of the 
burning rate is 0.58 for the high-energy propellant and 0.78 for the low- 
energy propellant. As reported previously, the burning rate increased as 
the energy contained in the unit mass of propellant increased. 

When the initial propellant temperature is increased from 243 to 343 K, 
the burning rate increases for both types of propellants. The temperature 
sensitivity is defined in Eq. (1) as 0.0034/K for the high-energy propellant 
and 0.0062/K for the low-energy propellant at 2 MPa. It is evident that a p 
of the low-energy propellant is greater than that of the high-energy pro- 
pellant. The a p of the low-energy propellant tends to decrease with in- 
creasing pressure. 

The temperature gradient in the fizz zone, 4>, increases with increasing 
pressure at a constant T 0 and also increases with increasing T 0 at a constant 
p for both high- and low-energy propellants. The high-energy propellant 
exhibits a greater 4> compared to the low-energy propellant at a constant 
p and T 0 , as shown in Figs. 8 and 9. Thus, with increasing energy in the 
unit mass of propellant, the rate of temperature rise in the fizz zone in- 
creases. Since the reaction rate in the fizz zone is proportional to the rate 
of the temperature rise in that zone, it is evident that the reaction rate in 
the fizz zone increases with increasing T 0 at a constant p for both high- 
and low-energy propellants. 

The temperature at the end of the fizz zone, T g , which is equivalent to 
the temperature at the beginning of the dark zone, increases with increasing 
pressure at a constant initial propellant temperature for both high- and 
low-energy propellants. T g also increases with increasing T 0 at a constant 
p, as shown in Figs. 8 and 9. 



Temperature-Sensitivity Analysis 

The temperature-sensitivity parameters, such as 4>, T s , and Q s , are de- 
termined based on the burning-rate data and the measurements of the 
thermal profiles. 16 The calculated values of Q s for the high- and low-energy 
propellants are shown in Figs. 8 and 9, respectively. The Q s of the high- 
and low-energy propellants are determined to be about 420 kJ/kg at 2 MPa. 
Furthermore, Q s is relatively independent of the initial propellant tem- 
perature for both types of propellants: (dQJdT 0 ) p = 0 kJ/kg K. In the 
computations of Q s , <{>, and T s , data shown in Figs. 8 and 9 are used. The 
physical parameter values used are k g = 8.4 x 10 ~ 5 kW/m K, c p = 1.56 
kJ/kg K, and Pp = 1.57 x 10 3 kg/m 3 . 

As shown in Eq. (7), the temperature-sensitivity characteristics can be 
understood in terms of the parameters <t> and The experimentally mea- 
sured values of 4>, T s , and Q s shown in Figs. 8 and 9 are substituted into 
Eq. (10), and Eq. (7) is then used to evaluate <t> and ^. Typical calculated 
results are shown in Table 2. It is evident from Table 2 that the a p consists 
of approximately 60% by <t> and 40% by W for both high- and low-energy 
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Fig. 8 Fizz-zone temperature, burning-surface temperature, temperature 
gradient in fizz zone, and heat release at the burning surface of the high-energy 
double-base propellant at 20 atm (Ref. 16). 



(&AIAA 

faVhU^hniahriinfBmkmlmfy Purchased from American Institute of Aeronautics and Astronautics 

TEMPERATURE SENSITIVITY 125 



1200 



t— 



1100 



S 1000 



=3 

I— 



450 



400 



LU O 

£ 0 „ 350 

u_ m 

o: i— 



300 



250 - 



150 



100 



50 



-i 1 1 r 



t — i i — r 



L0W ENERGY 
p = 20 atm 



14 



12 , 



LU | 

CC O 

rD «— 
h- 

«c x 
o: 

uj -e- 



-30 20 70 

I N I T I AL PR0PELLANT TEMPERATURE , 



Fig. 9 Fizz-zone temperature, burning-surface temperature, temperature 
gradient in fizz zone, and heat release at the burning surface of the low-energy 
double-base propellant at 20 atm (Ref. 16). 
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Table 2 Calculated 4> and * at 2 MPa 



Propellant 


o>, K- 1 


(dTJdT Q ) p 


<t>, K 1 


V, K- 1 


High energy 


0.0034 


0.75 


0.0021 


0.0016 


Low energy 


0.0062 


0.72 


0.0041 


0.0023 



propellants. This indicates that the temperature sensitivity of the burning 
rate depends on both the gas-phase and condensed-phase reaction processes. 

The (dT g /dT 0 ) p and (dTJdT 0 ) p for the high-energy propellant at 2 MPa 
are determined to be 0.50 and 0.75, respectively and, for the low-energy 
propellant at 2 MPa, 0.63 and 0.72, respectively. No significant differences 
in (dT g /dT 0 ) p and (dTJdT 0 ) p between high- and low-energy propellants are 
found. Furthermore, the heat released at the burning surface is relatively 
independent of the initial propellant temperature. It is also shown that ©, 
defined in Eq. (17), is much smaller than the other terms in Eq. (22) for 
both high- and low-energy propellants. 

Substituting the measured values into Eq. (14), the activation energy 
defined in Eq. (18) is determined to be 109 and 193 kJ/mole for high- and 
low-energy propellants, respectively. The lower activation energy of the 
fizz-zone reaction and the higher fizz-zone temperature are found to be 
responsible for the observed lower temperature sensitivity of high-energy 
propellant compared to low-energy propellant. 

Temperature-Sensitivity Characteristics of Catalyzed Double-Base 
Propellants 

The burning rate of double-base propellants is increased considerably 
in the low-pressure range by the addition of a small amount of lead com- 
pounds. This is termed "super-rate" burning. This super-rate disappears 
with an increase in pressure, resulting in a constant or a decreased burning- 
rate region. This is termed "plateau" or "mesa" burning. The results ob- 
tained in the previous studies indicate that the initial action of the lead 
compounds is in the subsurface reaction zone and that the reaction proc- 
esses in the burning surface and in the fizz zone are altered. However, the 
burning-rate behavior induced by the addition of lead compounds is not 
yet fully understood. 14 ' 25 ' 30 

Figure 10 shows a typical example of the burning-rate characteristics of 
catalyzed double-base propellants with lead compounds. 25 The propellant 
consists of 50.0% nitrocellulose, 34.9% nitroglycerin, 10.5% diethyl- 
phthalate, 2.0% 2-nitrodiphenylamine, 1.2% lead salicylate, 1.2% lead 
2-ethylhexoate, and 0.2% candelilla wax. Two super-rate burning zones 
are generated by the addition of two types of lead compounds. The tem- 
perature sensitivity appears to depend largely on the burning pressure. It 
should be noted that the burning rate becomes independent of T 0 at 0.5 
and 10 MPa. Since the super-rate, plateau, and mesa burning phenomena 
are very complex, understanding the observed temperature-sensitivity 
characteristics is difficult. 
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Fig. 10 Burning rate and temperature sensitivity of a catalyzed double-base 
propellant. 25 



Composite Modified Double-Base Propellants 

Temperature-Sensitivity Characteristics 

In order to increase the specific impulse of double-base propellants, high- 
energy nitramines such as cyclotetramethylene tetranitramine (HMX) and 
cyclotrimethylene trinitramine (RDX) are added within double-base pro- 
pellants. This class of propellants is termed nitramine composite modified 
double-base (CMDB) propellants. The combustion mode of nitramine- 
CMDB propellants is affected by the concentration of the nitramine par- 
ticles. The burning rate of nitramine-CMDB propellants decreases with 
increasing concentrations of nitramine. In other words, the burning rate 
decreases with increases in the energy contained in the unit mass of pro- 
pellant. This combustion mode is significantly different from the combus- 
tion mode of other types of propellants, such as double-base and composite 
propellants. 17 - 18 - 31 - 32 

The burning-rate characteristics of typical HMX-CMDB propellants are 
shown in Fig. 11 (T 0 = 243 K) and in Fig. 12 (T 0 = 343 K). 32 The HMX- 
CMDB propellants are formulated by the mixture of a base matrix and 
crystalline (3-HMX particles with various mixture ratios. The base matrix 
consists of 45% nitrocellulose, 45% nitroglycerin, and 10% diphenyl- 
phthalate. The particular size of HMX is 20 |xm in diameter. It is shown 
in Fig. 13 that the energy contained in the unit mass of propellant increases 
with increases in the weight fraction of HMX, and the flame temperature 
increases with increasing £ at a constant pressure. 
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Fig. 12 Burning rate of HMX-CMDB propellants as a function of HMX fraction 
at T 0 = 343 K (Ref. 32). 
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Fig. 13 Adiabatic flame temperature of HMX-CMDB propellants as a function 
of HMX fraction. 32 



The burning rate decreases with increasing £, in the region £ < —0.5. In 
the region i > —0.5, however, the burning rate increases with increasing 
In other words, a minimum burning rate exists at £ = 0.5 for 
HMX-CMDB propellants. The burning rate increases with increasing pres- 
sure at a constant It is shown that the pressure exponent is relatively 
constant throughout the pressure range tested. Furthermore, the pressure 
exponent is also relatively independent of the concentration of HMX mixed 
within the propellants: n = 0.68, 0.75, and 0.81 at £ = 0.0, 0.37, and 0.70, 
respectively. 32 

The calculated results of the temperature sensitivity based on the burning- 
rate data shown in Figs. 11 and 12 are shown in Figs. 14 and 15. The 
temperature sensitivity decreases with increasing £ at a constant pressure 
and is relatively independent of pressure at a constant It is important 
to note that the temperature sensitivity decreases monotonically with in- 
creasing even though the burning rate becomes the minimum value at 
£ = 0.5 (see Figs. 11 and 12). 



Temperature-Sensitivity Analysis 

The combustion wave of HMX also consists of successive reaction zones: 
surface, first-stage, and second-stage. 33-35 At the surface reaction zone, 
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Fig. 14 Temperature sensitivity of HMX-CMDB propellants as a function of 
HMX fraction. 32 
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Fig. 15 Temperature sensitivity of HMX-CMDB propellants as a function of 
pressure. 32 
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HMX melts and decomposes to produce NO z , CH z O, and other gaseous 
fragments. Since NO z oxidizes CH 2 0 rapidly, the following exothermic 
reaction occurs in the first-stage reaction zone: 

7N0 2 + 5CH 2 0 -> 3CO + 2C0 2 + 7NO + 5H z O 

In the second-stage reaction zone, the NO and N z O that is produced at 
the surface reaction zone react with remaining fuel species and produce 
luminous flame above the burning surface. Although the gas-phase reaction 
process is similar to that of double-base propellants, the reaction rate in 
the second-stage reaction zone is more rapid compared with double-base 
propellants. This is caused by the higher concentrations of NO and N 2 0 
in the second-stage reaction zone. 31 

The luminous flame stands some distance above the burning surface. 
The flame standoff distance increases with increasing initial propellant 
temperature. As shown in Fig. 16, the flame standoff distance decreases 
with increasing pressure. The dark zone diminishes almost completely in 
the region £ > 0.36 at T 0 = 343 K, and the flame front approaches the 
burning surface with increasing £. The heat flux transferred back from the 
gas phase to the burning surface was determined at different initial pro- 
pellant temperatures. The temperature profile in the combustion wave is 
similar to that of double-base propellants. The temperature increases from 
the initial temperature T Q to the burning surface temperature T s by solid- 
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phase heat conduction, and the temperature continues to increase smoothly 
in the fizz zone and reaches the dark zone temperature T g . 

Figure 17 shows the measurement results of the dark-zone temperature. 
The dark-zone temperature is defined as the temperature at the end of the 
fizz zone, i. e., the temperature at the beginning of the dark zone. T g 
decreases linearly with increasing £ in the region ^ < —0.6. In the region 
£ > —0.6, however, T g becomes scatter in the data because of the increased 
nonhomogeneous nature of the propellants consisting of highly loaded 
HMX particles. The temperature in the dark-zone increases with increasing 
T 0 , as shown in Fig. 17. 

The burning-surface temperature decreases with increasing £ in the re- 
gion £; < —0.5 and increases with increasing £ in the region £ > —0.5. It 
must be noted that the nature of the burning-surface temperature shown 
in Fig. 18 is similar to the nature of the burning rate shown in Figs. 11 and 
12. The burning-surface temperature increases with increasing initial pro- 
pellant temperature. 

The measurement results of the temperature gradient in the fizz zone 
just above the burning surface 4> are shown in Fig. 19. 32 The temperature 
gradient decreases with increasing When the initial propellant temper- 
ature is increased from 243 to 343 K, the temperature gradient increases 
at a constant The temperature gradient decreases monotonically in a 
/n<$> vs £ plot even though the burning rate increases with increasing £ in 
the region £ > —0.5 (see Figs. 11 and 12). 32 
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Fig. 17 Dark-zone temperature vs HMX fraction, showing that the dark-zone 
temperature decreases as the HMX fraction increases. 32 
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Fig. 18 Burning-surface temperature vs HMX fraction, showing that the 
minimum burning-surface temperature is observed at about i; = 0.5 (Ref. 32). 
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Fig. 19 Temperature gradient in the fizz zone vs HMX fraction, showing that 
the heat flux transferred back from the fizz zone to the burning surface decreases 
monotonically as the HMX fraction increases. 32 
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The mole fraction of the NO z contained within the molecular structure 
of HMX is higher than that of the NO z contained within the molecular 
structure of double-base propellants. However, the mole fraction of the 
gaseous N0 2 produced by the decomposition of HMX is less than that of 
the gaseous N0 2 produced by the decomposition of double-base propel- 
lants. Thus, the addition of HMX within a double-base propellant reduces 
the concentration of N0 2 in the fizz zone, and the equivalence ratio shifts 
toward fuel-rich. 31 The shift in the equivalence ratio reduces the reaction 
rate in the fizz zone. Consequently, the heat flux transferred back to the 
burning surface is decreased by the increased On the other hand, the 
heat of reaction at the burning surface of HMX is higher than that of 
double-base propellants. Thus, the heat of reaction at the burning surface 
of HMX-CMDB propellants increases with increasing The nature of the 
gas-phase and surface reactions of HMX causes the observed burning-rate 
temperature-sensitivity characteristics shown in Figs. 11 and 12. 

Nitramine Composite Propellants 

Combustion Process 

Nitramine composite propellants consist of crystalline nitramine particles 
and a polymeric binder. Nitramines such as HMX and RDX are used as 
energetic materials, and polyurethane and polybutadiene polymers are 
used as binders. Since HMX and RDX are stoichometrically balanced 
chemicals, the polymeric binders that surround the nitramine particles act 
as a coolant, producing low-temperature fuel-rich decomposition prod- 
ucts. 20-22 There have been extensive theoretical and experimental studies 
on the combustion of AP composite propellants, but relatively few studies 
have been done on the combustion of nitramine composite propellants. 
Furthermore, very little attention has been given to the temperature sen- 
sitivity of this class of propellants. 

The flame structure of nitramine composite propellants is not similar to 
the flame structure of AP composite propellants but is more like that of 
double-base propellants. 20 The nitramine particles mixed within the pro- 
pellants melt and diffuse into the melting polymeric fuel on the burning 
surface, producing a homogeneous energetic material. The energetic ma- 
terial reacts to generate a premixed flame above the burning surface. Thus, 
the gas phase consists of two-stage exothermic reaction zones. The lumi- 
nous flame stands some distance above the burning surface. Although the 
luminous flame approaches the burning surface as pressure increases, the 
heat flux transferred back from the luminous flame to the burning surface 
is not responsible for the propellant burning rate. The burning rate appears 
to depend little on the nitramine particle size. 20 

Temperature-Sensitivity Characteristics 

Figure 20 shows a typical set of burning-rate characteristics of HMX 
composite propellants. As reported previously, the burning rate of HMX 
composite propellants depends largely on the type of binders used. The 
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Fig. 20 Burning-rate characteristics of HMX/HTPS and HMX/HTPA composite 
propellants. 

burning rate of HMX/HTPA composed of 80% HMX and 20% hydroxyl- 
terminated polyacetylene is higher than that of HMX/HTPS composed of 
80% HMX and 20% hydroxyl-terminated polyester. The temperature sen- 
sitivities of HMX/HTPA and HMX/HTPS are 0.0022 and 0.0039 K" 1 , 
respectively. 

Figure 21 shows the burning rates of HMX composite propellants without 
and with a burning-rate catalyst (2.4% lead stearate and 0.4% carbon 
black) at T 0 = 243 and 343 K. Both propellants consist of 80% HMX and 
20% hydroxyl-terminated polyether. The HMX particles are a mixture of 
70% large-sized (220 |xm) and 30% small-sized (20 fxm) particles. The 
burning rate of HMX composite propellants without the catalyst is much 
lower than that of conventional AP composite and double-base propellants. 
The burning rate is increased significantly by the addition of the catalyst. 
This increased burning-rate phenomenon is termed "super-rate burning," 
which is also observed at the burning of double-base propellants with lead 
and carbon catalysts. Although the temperature sensitivity of the propellant 
without the catalyst is 0.0034 K \ that of the propellant with the catalyst 
decreases to 0.0020 K^ 1 when the catalyst is added. It must be noted that 
nitramine composite propellants catalyzed with lead and carbon demon- 
strates very small values of temperature sensitivity. However, the inter- 
pretation of the observed temperature-sensitivity characteristics of nitramine 
propellants, both with and without catalysts, has not yet been completed. 

Azide Polymer Propellants 

Temperature Sensitivity of Azide Polymer 

Azide polymers are energetic materials that are characterized by N 3 
bonds in their structures. Glycidyl azide polymer (GAP) is a typical azide 
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Fig. 21 Burning-rate characteristics of noncatalyzed and catalyzed HMX 
composite propellants. 
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Fig. 22 Burning-rate characteristics of GAP, showing a very high temperature 
sensitivity. 23 
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polymer. It has been reported that GAP burns very rapidly, even though 
the energy contained within the unit mass of GAP is low. This is because 
the heat produced by decomposition is high compared to conventional 
composite and double-base propellants. The exothermic reaction occurs 
as a result of the scission of the N 3 bond to form N 2 . The physical and 
chemical properties of GAP are described in Ref. 23. 

The burning-rate characteristics of GAP are shown in Fig. 22. The burn- 
ing rate increases approximately linearly in a ti,r b vs /»p plot. It is shown 
that the burning rate increases dramatically when T 0 is increased at a 
constant pressure. The temperature sensitivity of GAP is determined to 
be 0.010 K -1 , which is two or three times larger than the value of con- 
ventional composite and double-base propellants. 

If one assumes an Arrhenius-type decomposition of GAP, the burning- 
rate equation could be expressed as 23 

r 6 (m/s) = 9.16 x 10 3 exp(-87/9tr,) 

where the activation energy at the burning-surface decomposition is de- 
termined to be 87 kJ/mole. Substituting experimental data of a p = 0.010 
K" 1 and T s = 710 K into Eq. (12), the value of (dTJdT 0 ) p is determined 
tobe 0.481. 



Temperature Sensitivity of GAP Propellants 

Since the combustion product of GAP contains relatively high concen- 
trations of fuel fragments such as C(s), H 2 , and CO, the addition of crys- 
talline oxidizer particles within GAP increases the chemical potential. The 
energetic mixture of GAP and oxidizer particles forms GAP propellants. 
Figure 23 shows the adiabatic flame temperature of the propellants com- 
posed of GAP with AP, triaminguanidine nitrate (TAGN), 36 or HMX. 
Figures 24-26 show the burning-rate characteristics of typical GAP pro- 
pellants. 24 The burning rate of GAP propellants decreases dramatically 
with the addition of AP, TAGN, or HMX in the range of £ < -0.3 and 
increases gradually as £ increases. A minimum burning rate exists at a 
certain £. The pressure exponent of GAP/AP propellant increases in the 
range of £ < —0.2 and decreases as £ increases in the range of £ > —0.2. 
On the other hand, the pressure exponent of GA/TAGN and GAP/HMX 
propellants increases monotonically as £ increases. However, the temper- 
ature sensitivity decreases monotonically as ^ increases for GAP/AP, GAP/ 
TAGN, and GAP/HMX propellants, as shown in Fig. 27. It is important 
to note that the temperature-sensitivity characteristics of GAP propellants 
are very similar to those of HMX-CMDB propellants, which are described 
in this chapter (see Fig. 14). Furthermore, the burning rate of GAP/HMX 
propellant is increased by the addition of 2.4% lead compound (LC) and 
0.4% carbon black (CB) at a low-pressure region, as shown in Figs. 26a 
and 26b. This burning-rate increase is similar to the super-rate burning of 
double-base propellants and HMX composite propellants. The tempera- 
ture sensitivity is decreased from 0.0019 to 0.0010 K" 1 by the addition of 
the catalyst. 
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Fig. 23 Adiabatic flame temperature of GAP/AP, GAP/TAGN, and GAP/HMX 
propellants. 24 
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Fig. 24 Burning-rate characteristics of GAP/AP propellant (t, — 0.2). 
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Fig. 25 Burning-rate characteristics of GAP/TAGN propellant (g = 0.6). 
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Fig. 26a Burning-rate characteristics of noncatalyzed GAP/HMX propellant 
(€ = 0.8). 
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Fig. 26b Burning-rate characteristics of catalyzed GAP/HMX propellant (i; = 
0.8), showing an increased burning rate and a very low temperature sensitivity. 
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Fig. 27 Temperature sensitivity and pressure exponent of GAP/AP, GAP/TAGN, 
and GAP/HMX propellants as a function of £ at 3 MPa (Ref. 24). 
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The combustion wave structure of GAP propellants appears to be dif- 
ferent when different crystalline oxidizer particles are mixed. With the 
addition of AP particles to the GAP matrix, luminous-flame streams are 
formed on and above the burning surface as a result of the diffusional 
mixing of the decomposed gases of AP and GAP. Significantly different 
from AP/GAP propellant, HMX/GAP propellant forms a premixed flame 
above the burning surface. The premixed flame is produced as a result of 
the formation of a homogeneously mixed melt layer of HMX and GAP 
on the burning surface. Since the decomposition and combustion process 
of TAGN is similar to that of HMX, the combustion wave structure 
of GAP/TAGN propellant appears to be similar to that of GAP/HMX 
propellant. Although the overall combustion processes of this class of pro- 
pellants have been gradually revealed, the detailed mechanisms of tem- 
perature sensitivity have not yet been understood. 



References 

'Summerfield, M., Caveny, L. H., Battista, R. A., Kubota, N., Gostintsev, Y. 
A., and Isoda, H., "Theory of Dynamic Extinguishment of Solid Propellants with 
Special Reference to Nonsteady Heat Feedback Law," Journal of Spacecraft and 
Rockets, Vol. 8, March 1971, pp. 251-258. 

2 Kubota, N., "Survey of Rocket Propellants and Their Combustion Character- 
istics," Fundamentals of Solld-Propellant Combustion, edited by K. K. Kuo and 
M. Summerfield, Vol. 90, Progress in Astronautics and Aeronautics, AIAA, New 
York, 1984, Chap. 1. 

3 Steinz, J. A., Stang, P. L., and Summerfield, M., "The Burning Mechanism of 
Ammonium Perchlorate-Based Composite Propellants," AIAA Paper 68-658, 1968. 

4 Kubota, N., Introduction to Rocket Propulsion, Defense Technology Founda- 
tion, Tokyo, 1981. 

5 Cohen, N. S., and Flanigan, D. A., "Mechanisms and Models of Solid-Pro- 
pellant Burn Rate Temperature Sensitivity: A Review," AIAA Journal, Vol. 23, 
No. 10, pp. 1538-1547. 

6 Glick, R. L., "Temperature Sensitivity of Solid Propellant Burning Rate," 
AIAA Journal, Vol. 5, No. 3, pp. 586-587. 

7 Blair, D. W., "Initial Temperature and Pressure Effects on Composite Solid 
Propellant Burning Rates: Comparisons with Theory," AIAA Journal, Vol. 8, No. 
8, pp. 1439-1443. 

8 Cohen-Nir, E., "Temperature Sensitivity of the Burning Rate of Composite 
Solid Propellants," Combustion Science and Technology, Vol. 9, 1974, pp. 183- 
194. 

9 Ewing, D. L., and Osborn, J. R., "Burning Rate Temperature Sensitivity of 
Composite Solid Propellants," Journal of Spacecraft and Rockets, Vol. 8, No. 3, 
pp. 290-293. 

10 Condon, J. A., Renie, J. P., and Osborn, J. R., "Temperature Sensitivity of 
Propellant Burning Rates," Combustion and Flame, Vol. 30, No. 3, 1977, pp. 267- 
276. 

"Renie, J. P., and Osborn, J. R., "Temperature and Pressure Sensitivity of 
Aluminized Propellants," AIAA Paper 80-1166, June 1980. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



142 N. KUBOTA 

12 Kubota, N., and Miyazaki, S., "Temperature Sensitivity of Burning Rate of 
Ammonium Perchlorate Propellants," Propellants, Explosives, Pyrotechnics , Vol. 
12, 1987, pp. 183-187. 

"Kubota, N., Caveny, L. H., and Summerfield, M., "Temperature Sensitivity 
of Double Base Propellants," Proceedings of EighthJANNAF Combustion Meeting, 
Chemical Propulsion Information Agency Publication 220, Vol. I, Nov. 1971, pp. 
387-402. 

14 Kubota, N., Ohlemiller, T. J., Caveny, L. H., and Summerfield, M., "The 
Mechanism of Super-Rate Burning of Catalyzed Double Base Propellants," Fif- 
teenth Symposium (International) on Combustion, The Combustion Inst., Pitts- 
burgh, PA, 1974, pp. 529-537. 

15 Beckstead, M. W., "Model for Double-Base Propellant Combustion," AIAA 
Journal, Vol. 18, No. 8, 1980, pp. 980-985. 

16 Kubota, N., and Ishihara, A., "Analysis of the Temperature Sensitivity of 
Double-Base Propellants," Twentieth Symposium (International) on Combustion, 
The Combustion Inst., Pittsburgh, PA, 1984, pp. 2035-2041. 

17 Kubota, N., and Masamoto, T., "Flarhe Structures and Burning Rate Char- 
acteristics of CMDB Propellants," Sixteenth Symposium (International) on Com- 
bustion, The Combustion Inst., Pittsburgh, PA, 1976, pp. 1201-1209. 

18 Swaminathan, V., and Soosai, M., "On the Burning Rate Characteristics of 
CMDB Propellants," Propellants and Explosives, Vol. 4, 1979, pp. 107-111. 

19 Beckstead, M. W., Derr, R. L., and Price, C. F., "The Combustion of Solid 
Monopropellants and Composite Propellants," Thirteenth Symposium (Interna- 
tional) on Combustion, The Combustion Inst., Pittsburgh, PA, 1971, pp. 1047- 
1056. 

20 Kubota, N., "Combustion Mechanisms of Nitramine Composite Propellants," 
Eighteenth Symposium (International) on Combustion, The Combustion Inst., Pitts- 
burgh, PA, 1981, pp. 187-194. 

21 Kubota, N., "Physicochemical Processes of HMX Propellant Combustion," 
Nineteenth Symposium (International) on Combustion, The Combustion Inst., Pitts- 
burgh, PA, 1982, pp. 777-785. 

22 Kubota, N., and Hirata, N., "Super-Rate Burning of Catalyzed HMX Pro- 
pellants," Twenty-First Symposium (International) on Combustion, The Combus- 
tion Inst., Pittsburgh, PA, 1986, pp. 1943-1951. 

23 Kubota, N., and Sonobe, T., "Combustion Mechanism of Azide Polymer," 
Propellants, Explosives, Pyrotechnics, Vol. 13, 1988, pp. 172-177. 

24 Kubota, N., Sonobe, T., Yamamoto, A., and Shimizu, H., "Burning Rate 
Characteristics of GAP Propellants," Journal of Propulsion and Power, Vol. 6, 
No. 6, 1990, pp. 686-689. 

25 Kubota, N., Ohelemiller, T. J., Caveny, L. H., and Summerfield, M., "The 
Mechanism of Super-Rate Burning of Catalyzed Double Propellants," Dept. of 
Aerospace and Mechanical Sciences, Princeton Univ., Rept. 1087, Princeton, NJ, 
or AD-763786, March 1973. 

26 Ramohalli, K. N. R., "Steady-State Burning of Composite Propellants under 
Zero Cross-Flow Situation" Fundamentals of Solid-Propellant Combustion, edited 
by K. K. Kuo and M. Summerfield, Vol. 90, Progress in Astronautics and Aero- 
nautics, AIAA, New York, 1984, Chap. 8. 

27 Kuwahara, T., and Kubota, N., "Low Pressure Burning of Ammonium Per- 
chlorate Composite Propellants," Combustion Science and Technology , Vol. 47, 
1986, pp. 81-91. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



TEMPERATURE SENSITIVITY 143 

28 Kubota, N., Kuwahara, T., Miyazaki, S., Uchiyama, K., and Hirata, N., "Com- 
bustion Wave Structures of Ammonium Perchlorate Composite Propellants," Jour- 
nal of Propulsion and Power, Vol. 2, No. 4, 1986, pp. 296-300. 

29 Pittman, C. W., Jr., "Location of Action of Burning-Rate Catalysts in Com- 
posite Propellant Combustion," AIAA Journal, Vol. 7, No. 2, 1969, pp. 328-334. 

30 Lengelle, G., Bizot, A., Duterque, J., and Trubert, J. F., "Steady-State Burn- 
ing of Homogeneous Propellants," Fundamentals of Solid-Propellant Combustion, 
edited by K. K. Kuo and M. Summerfield, Vol. 90, Progress in Astronautics and 
Aeronautics, AIAA, New York, 1984, Chap. 7. 

31 Yano, Y., and Kubota, N., "Combustion of HMX-CMDB Propellants (I)," 
Propellants, Explosives, Pyrotechnics , Vol. 10, 1985, pp. 192-196; also, "Com- 
bustion of HMX-CMDB Propellants (II)," Propellants, Explosives, Pyrotechnics , 
Vol. 11, 1986, pp. 1-5. 

32 Kubota, N. , and Okuhara, H. , "Bunting Rate Temperature Sensitivity of HMX 
Propellants," Journal of Propulsion and Power, Vol. 5, No. 4, 1989, pp. 406-410. 

33 Fifer, R. A., "Chemistry of Nitrate Ester and Nitramine Propellants," Fun- 
damentals of Solid-Propellant Combustion, edited by K. K. Kuo and M. Summer- 
field, Vol. 90, Progress in Astronautics and Aeronautics, AIAA, New York, 1984, 
Chap. 4. 

34 Boggs, T. L. , "The Thermal Behavior of Cyclotrimethylenetrinitramine (RDX) 
and Cyclotetramethylenetetranitramine (HMX)," Fundamentals of Solid-Propel- 
lant Combustion, edited by K. K. Kuo and M. Summerfield, Vol. 90, Progress in 
Astronautics and Aeronautics, AIAA, New York, 1984, Chap. 3. 

35 Kubota, N., and Sakamoto, S., "Combustion Mechanism of HMX," Propel- 
lants, Explosives, Pyrotechnics, Vol. 14, 1989, pp. 6-11. 

36 Kubota, N., Hirata, N., and Sakamoto, S., "Combustion Mechanism of TAGN," 
Twenty-First Symposium (International) on Combustion, The Combustion Inst., 
Pittsburgh, PA, 1986, pp. 1925-1931. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



This page intentionally left blank 



(&AIAA 

iLfVbVthiaBhriiBfBmimim^ Purchased from American Institute of Aeronautics and Astronautics 



Chapter 5 



Measuring Thermodynamic Properties 
of Burning Propellants 

C. Zanotti* and A. Volpi* 
Consiglio Nazionale delle Ricerche, Milan, Italy 
and 

M. Bianchessif and L. De Lucal 
Politecnico di Milano, Milan, Italy 

Nomenclature 

A s = factor of Arrhenius surface pyrolysis law, cm/s 

B s = factor of Krier-T'ien-Sirignano-Summerfield (KTSS) surface py- 
rolysis law, cm/s K w s 

c = specific heat, cal/g K 

d* = characteristic thickness of condensed phase, cm 

d dz = dark-zone thickness, cm 

d fz = fizz-zone thickness, cm 

4tra = transition thickness, cm 

E s = surface activation energy, cal/mole 

k = thermal conductivity, cal/cm s K 

K = fringes distance, |xm 

M dz = average molecular mass of dark-zone mixture, g/mole 

n = exponent in burning rate pressure dependence 

n d = exponent in dark-zone thickness pressure dependence 

n Q = overall reaction order in dark zone 

n Ts = exponent in surface temperature pressure dependence 

p = pressure, atm 

r b = steady burning rate, cm/s 
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correlation coefficient 
universal gas constant, = 1.987 cal/mole K 
time, s 

dark-zone residence time, s 
transition thickness residence time, s 
characteristic time of condensed phase, s 
characteristic time of thermocouple bead, s 
temperature, K 
ambient temperature, K 
dark-zone steady temperature, K 
fizz-zone steady temperature, K 
burning surface steady temperature, K 
reference temperature, = 300 K 
transition temperature, K 
dark-zone gas velocity, m/s 
fizz-zone gas velocity, m/s 
gas velocity, m/s 

exponent in KTSS surface pyrolysis law 
length, cm 

thermal diffusivity, cm 2 /s 
thermal responsivity, cal/cm 2 s 1/2 K 
cross angle of splitted laser beams, deg 
laser wavelength, nm 
oscillation frequency, Hz 
density, g/cm 3 



Subscripts and Superscripts 



amb 




ambient 


bn 




binder 


c 




condensed phase 


cub 




cubic 


8 




gas phase 


l 




liquid phase 


ort 




orthorhombic 


ox 




oxidizer 


P 




propellants 


ref 




reference 






surface 


tc 




thermocouple 


tra 




transition 



I. Introduction 

A. Motivations and Objectives 

ANALYSTS and modelers need to know the thermodynamic properties 
of solid propellants to predict and/or simulate combustion processes 
under steady or unsteady operations. Likewise, experimenters must know 
the fundamental properties of burning solid propellants to handle and/or 
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deduce other, more elusive experimental parameters. Moreover, the safest 
way to attack the exceedingly complex problems of unsteady burning and 
intrinsic combustion stability of solid rocket propellants is to start from a 
steady-state burning configuration experimentally well defined. This im- 
plies that burning rate, surface temperature, thermophysical properties, 
and gas-phase structure at least should be evaluated over the pressure range 
of interest; possibly, the effects of ambient temperature and external ra- 
diant flux should be assessed as well. Of course, this is only a good starting 
point to study unsteady burning and does not necessarily ensure the final 
outcome; conversely, any transient combustion picture has to recover steady- 
state burning as a particular case. 

Unfortunately, the intrinsic reactivity of solid rocket propellants com- 
plicates any direct attempt to experimentally evaluate their relevant ther- 
mophysical properties. Whereas direct probing of burning propellants in 
the actual rocket combustion chamber environment is an impervious task, 
a more realistic approach is to properly combine knowledge on single 
ingredients with probing of propellant samples burning under laboratory 
conditions. Microthermocouple techniques, in particular, allow one to eas- 
ily deduce meaningful information, but require delicate data handling. Of 
course, several experimental restrictions and theoretical approximations 
must be accepted, but the final results shed light on an otherwise seemingly 
neglected, though important, technical area. 

The purpose of this chapter is to show how and which data are obtained 
for some current solid rocket propellants of industrial production. Only 
double-base (DB) (catalyzed and noncatalyzed) and ammonium perchlor- 
ate (AP)-based composite propellants (metallized and nonmetallized) are 
investigated. However, strategy and methods are meant to be of general 
validity. 

B. Literature, Background, and Plan of Presentation 

Surprisingly enough, no specific body of references seems available, at 
least in the public literature, focusing on the overall problem discussed in 
this chapter. It is worthwhile to remember that Standard experimental 
techniques of combustion diagnosis are, in principle, either not adequate 
due to limited heating rates or just impossible to apply in reacting media. 
In the authors' opinion, experimental measurements of burning propellant 
properties and theoretical developments should combine tightly. This im- 
plies performing simultaneous measurements on the same burning sample 
as much as possible and corroborating or cross checking experimental 
results by using different techniques. This also implies a patient but worth- 
while smoothing of the experimental data, not only in statistical terms but 
mainly from the standpoint of fitting a selected combustion model. This 
strategy is illustrated in detail in Chapter 14. 

Of course, many specialized contributions exist concerning particular 
diagnostic techniques; as such, they are recalled in the appropriate sections 
of this chapter. An excellent general discussion of nonintrusive diagnostic 
techniques, with a wide literature survey, is reported by Parr and Hanson- 
Parr in Chapter 8. Reading of Chapter 6 by Zenin will provide important 
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complementary information as to the thermodynamic properties of burning 
propellants deduced by refined Standard diagnostic techniques. 

Properties of particular interest in burning propellants are density p, 
specific heat c, and thermal conductivity k. From these, two important 
aggregates follow: the thermal diffusivity a = k/ p/c and thermal responsivity 
T = Vfcpc. Ali of these properties depend not only on composition, but 
also on temperature and possible phase transitions of each propellant in- 
gredient; subsequently, pressure effects are expected as well. 

Experimentally, the steady-state burning rate (see Sec. II. A) and tem- 
perature profiles (see Sec. II. E) can be obtained. The propellant density 
at ambient temperature is easily measured, whereas specific heat — at least 
for composite propellants — is evaluated by properly summing the contri- 
butions from single ingredients. 

A qualitative sketch of relevant phenomena occurring during combustion 
of composite propellants is shown in Fig. la. The temperature profile 
before and after AP crystalline transition at T tra is pictured, emphasizing 
the volumetric expansion of AP crystals in the hot surface layer (see Sec. 
I.D.l). 

For DB propellants, thermophysical effects in the condensed phase are 
less noticeable, yet the increase of specific heat and/or thermal conductivity 
with temperature may be substantial. In addition, volumetrically distrib- 
uted pyrolysis processes likely extend over a quite large fraction of the 
conductive thermal profile (see Fig. lb). It is expected that the associated 
thermal degradation mechanisms exhibit different overall kinetic properties 
above and below some transition temperature (for details, see Chapter 6 
by Zenin in this volume). 

The plan of presentation is the following. The tested propellants are 
listed in Sec. I. C and the thermophysical properties of single ingredients 
are recalled in Sec. I. D; microthermocouple techniques are revised in Sec. 
II; ballistic properties deducible from thermal profiles are discussed in Sec. 
III; laser Doppler velocimetry (LDV) techniques are revised in Sec. IV; 
and a merging of the two sets of experimental results is finally discussed 
in Sec. V. 

C. Tested Solid Propellants 

The AP-based composite propellants tested in this investigation and their 
measured ambient temperature densities are given in Table 1 . For the sake 
of generality, let the propellant composition be written as 

ox • AP + me • Al + (1 - ox - me) • bn = 1 (1) 

where ox and me are the mass fractions, respectively, of AP and aluminum 
(Al). Other propellant ingredients are not explicitly taken into account. 

The homogeneous propellants tested in this investigation and their meas- 
ured ambient temperature densities are given in Table 2. 

The following nomenclature is taken as Standard throughout this chapter. 
Condensed-phase properties are denoted by subscript c in the low-tem- 
perature range near the sample cold boundary (e. g., where AP is orthor- 
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Fig. 1 Qualitative sketch of solid-propellant thermal wave structure: a) 
aluminized composite: b) double base. 



hombic for composite propellants) and by subscript s in the high-temperature 
range near the sample burning surface (e. g., where AP is cubic or liquid 
for composite propellants). 

D. Thermophysical Properties of Propellant Ingredients 

Properties of AP (Sec. I.D.l), Al (Sec. I.D.2), and binder (Sec. I. D. 3) 
are discussed as a prerequisite to evaluate properties of composite pro- 
pellants. The effects of other ingredients possibly present in the propellant 
composition (burning rate catalysts, opacifiers, aging additives, etc.) are 
neglected, since their mass fraction is usually very small. 
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Table 1 AP-based composite propellants and their measured atnbient 
temperature densities 





Shorthand 


Temperature 


Propellant 


notation 


density p c , g/cm 3 


AP:HTPB 86: 14 


API 


1.630 


AP:CTPB:A1 2 0 3 83:16:1 


AP2 


1.632 


AP:A1:CTPB 76:10:14 


AP3 


1.678 


AP:A1:CTPB 71:16:13 


AP4 


1.743 


AP:A1:HTPB 68:18:14 


AP5 


1.756 



1. Thermophysical Properties of Pure A P 

AP is an inorganic salt commonly used as an oxidizer in composite solid 
propellants. Since AP is anisotropic and nonconductive (dielectric) , its 
properties are expected to be quite different from those of metallic addi- 
tives. Being also a solid monopropellant, AP has been well studied over 
a relatively large temperature range. A good review of AP combustion 
features, including values for all properties of interest, is reported in Ref. 
1. This should be the starting point for any study on pure AP. 

It is well known (see, for example, Ref. 2) that AP features two crys- 
talline phases in the temperature range of ballistic interest: orthorhombic 
in the range of 83-513 K and cubic above 513 K; actually, the crystalline 
transition can already be observed at 475 K (Ref. 3). Although sometimes 
debated, AP is also known to melt at 723 K (Ref. 4, against previous 
estimates of 833 ± 20 K) absorbing 59.57 cal/g (Ref. 1). Densities re- 
spectively in the solid and liquid phases are p ort = 1.957 g/cm 3 (Ref. 5), 
Pcub = 1.756 g/cm 3 (Ref. 5), and p, >AP = 1.710 (Ref. 1). Therefore, AP 
crystals volumetrically expand by about 10% when passing from orthor- 
hombic to cubic solid phase. This, in turn, will affect the propellant prop- 
erties to an extent depending on the AP mass fraction. 

a) Specific heat. Specific heat of pure AP is widely reported in the 
literature 1 ' 5-9 ; detailed experimental measurements are given in Refs. 5 and 
6. The following fitting expressions 8 show good agreement with the experi- 



Table 2 Homogenous propellants and their measured ambient 
temperature densities 





Shorthand 


Temperature 


Propellant 


notation 


density p c , g/cm 3 


Uncatalyzed DB 


DB2 


1.632 


Catalyzed DB 


DB3 


1.642 


Catalyzed DB 


DB4 


1.634 


Catalyzed DB 


DB5 


1.637 
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mental values in the orthorhombic and cubic solid phases, respectively, 

c AP>ort = 0.13793 + 0.4109 x 10' 3 T + 0.1127 x H)- 8 T 2 (2) 

c AP .cub = 0.17325 + 0.3579 x 10~ 3 T + 0.3857 x 10" 7 T 2 (3) 

For the orthorhombic phase, the quadratic term in temperature adds very 
little to the linear part of the fitting expression. At any rate, considering 
the small difference existing between the two solid-phase specific heats, it 
may be convenient to combine the preceding two expressions in just one 
linear law. Experimental measurements in Ref. 5 (Fig. 1) cover the tem- 
perature range from about 310 to 500 K; the increase of specific heat is 
linear with temperature from 373 to 500 K, but less than linear (the curve 
flattens out) in the range of temperature from about 373 K down to ambient 
value. Other experimental results reported in Ref. 6 (Fig. 1) show a linear 
increase with temperature in the range from 300 K to above 700 K. AH 
taken into account, for most practical purposes, the following relationship 
(with T Ici = 300 K) is considered valid enough in this work for AP solid, 
no matter what the phase is: 

c c ,ap(T) = 0.2612 + 0.45 x 10" 3 (T - T rct ) (4) 

yielding the following average values in the orthorhombic phase and cubic 
phase, respectively, 

<c ClA p o«> = c c>AP (T = 406.5 K) = 0.309 cal/g K 

<c c>AP cub > = c c , AP (T = 618.0 K) = 0.404 cal/g K 

A reasonable estimate 1 of the liquid-phase specific heat is c, AP = 0.328 
cal/g K. 

b) Thermal diffusivity. Thermal diffusivity and conductivity perceiva- 
bly depend on the detailed physical state of the material under test. Thermal 
diffusivity of pure AP, in the orthorhombic phase, was measured by Rosser 
et al. 10 over a temperature range spanning from ambient temperature up 
to 513 K. For AP powders pressed in air, porosity effects were found to 
linearly decrease thermal diffusivity by decreasing thermal conductivity. 
For nonporous polycrystalline AP, the following best-fitting expression was 
proposed: 

°<ort,Ap(F) = 2.377 x 10' 3 - 4.55 x 10~ 6 (T - T vei ) (5) 

yielding a minimum value of 1.41 x 10 -3 cm 2 /s at the crystalline transition 
temperature of 513 K. The average value in the orthorhombic phase is 
found to be (a ort AP ) = a AP (T = 406.5 K) = 1.89 x 10~ 3 cm 2 /s. 

For the cubic phase, experimental results (Ref. 4, Fig. 1; Ref. 5, Fig. 
5) show that there is a sharp drop with respect to the orthorhombic phase 
and that, above 600 K, thermal diffusivity remains nearly constant: 
= 0.65 x 10~ 3 cm 2 /s. This last result is due to the very limited order in 
the material structure following deterioration caused by the flowing de- 
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composition products during phase transition. The experimental work of 
Refs. 4 and 5 was carried out on AP as single crystal, packed powder, and 
in combination with hydroxyl-terminated polybutadiene (HTPB) binder 
(see also Sec. III. A. 2). 

c) Thermal conductivity. Thermal conductivity was found to decrease 
linearly in the temperature range of 300-500 K: from about 1.2 to 1.0 x 
10 3 cal/cm s K in Ref. 10 and from about 0.9 to 0.8 x 10~ 3 cal/cm s K 
in Ref. 6. However, both investigations were limited to the orthorhombic 
phase. The results of Ref. 4 (Fig. 3) and Ref. 5 (Fig. 6) show a thermal 
conductivity near 1.0 x 10" 3 cal/cm s K in the orthorhombic phase and, 
in addition, a sharp drop of thermal conductivity in the cubic phase: in the 
range of 513-600 K, thermal conductivity strongly decreases with increas- 
ing temperature, but above 600 K it remains nearly constant {k cubAP = 
0.52 x 10~ 3 cal/cm s K). Overall, the behavior of k c (T) is strongly non- 
linear. 

Thermal conductivity of AP crystals in the orthorhombic region sur- 
prisingly was found 4 5 to be somewhat smaller than that computed for pure 
AP in the AP/HTPB mixtures: about 1.0 x 10~ 3 cal/cm s K against an 
average of 1.2 x 10~ 3 cal/cm s K (data scatter was consistent for AP/ 
HTPB mixtures). This was explained by postulating that the employed 
large single crystals suffered structural imperfections (e. g., microcracking 
yielding reduced thermal conductivity) relatively absent in the very small 
crystal grains of the AP/HTPB mixtures. Thermal conductivity of pressed 
AP powder was found in Ref. 5 (Fig. 10) to be much less (by almost 50%) 
than that of single AP crystals, due to thermal contact resistance; however, 
the comparison was restricted to the orthorhombic phase. 

A reasonable estimate 1 of the liquid-phase thermal conductivity is k, AP 
s 0.9 x 10" 3 cal/cm s K. 

d) Anisotropy. The importance of anisotropy in the transport prop- 
erties of AP was investigated in Refs. 4 and 5. Measurements made in 
nitrogen along three different crystal directions showed that thermal dif- 
fusivity of pure AP crystals is isotropic (see Fig. 5 of Ref. 5); likewise, 
thermal conductivity anisotropy could not be detected. It was concluded 
that anisotropy is not important, and anyway is limited to the thermal 
diffusivity measurement error of ± 14% in any direction. 4 

2. Thermophysical Properties of Aluminum and Aluminum Oxide 

Only those few properties of interest in this chapter are mentioned. For 
aluminum, a metal commonly used in aerospace propulsion, there is only 
one solid phase of interest, melting at 933 K with a latent heat of 94.88 
cal/g (Ref. 9). Densities in the solid and liquid phases are, respectively, 
p CiA1 = 2.702 g/cm 3 (Ref. 11) and p /A1 = 2.380 g/cm 3 (Refs. 11 and 12). 
Regarding specific heat, for the solid phase, a linear law 12 is again 
satisfactory: 

c c ^(T) = 0.2138 + 0.119 x 10~ 3 (T - T re( ) (6) 

while a good estimate 9 of the liquid-phase specific heat is c, A1 = 0.281 cal/g 
K. Regarding thermal conductivity, for the solid phase, a nonlinear be- 
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havior is observed in the tested temperature range from 173 to 773 K, 
featuring a minimum near-ambient temperature. 1213 The following linear 
expression, however, can be adequate for the limited purposes of this work: 

* c .Ai(r) = 0.486 + 0.277 x 10 ~ 3 (T - T ref ) (7) 

confirming that Al is a much better thermal conductor than AP and binders 
by three orders of magnitude; in addition, k c (T) is a growing function with 
temperature for Al but decreasing for AP (and binders probably). The 
resulting thermal diffusivity is 0.842 cm 2 /s at ambient temperature. 13 

For aluminum oxide (A1 2 0 3 ) also, there is only one solid phase of in- 
terest, melting near 2315 K with a latent heat of about 278 cal/g. 9 Its density 
i s Pc,ai 2 03 = 3.99 g/cm 3 (Ref. 12). Regarding specific heat, for the solid 
phase, the following nonlinear law 12 is accepted: 

c c ,ai 2 03(70 = 0.2166 + 0.880 x 10" 5 r - 5125.564/7/ 2 (8) 
yielding a value of 0.186 cal/g K at 300 K. 

3. Thermophysical Properties of Binders 

Binders are also difficult to evaluate, because too many different com- 
positions exist. Fortunately, its effect is tempered by the fact that its mass 
fraction seldom goes beyond 15% of the propellant total mass. 

a) Specific heat. Regarding specific heat, in this work the following 
linear increase with temperature is used (based on information reported 
in Ref. 6 for HTPB binder tested in a temperature range of from 300 K 
to almost 700 K): 

CcU?) = 0.46 + 0.588 x 10" 3 (T - T ief ) (9) 

b) Thermal diffusivity. Regarding thermal diffusivity, for HTPB binder, 
the following linear decrease with increasing temperature was measured 
over a narrow temperature range, from 323 to 423 K, in Ref. 4 (Fig. 2) 
and Ref. 5 (Fig. 7): 

Notice that these values are perceivably less than those of AP in the cor- 
responding temperature range (AP orthorhombic). 

c) Thermal conductivity . Regarding thermal conductivity, the following 
linear decrease with temperature was deduced (from information reported 
in Ref. 6 for HTPB binder tested in a temperature range from about 250 
to 500 K): 

K,UT) = 0.35 x 10" 3 - 0.143 x 10~ 6 (r - T ref ) (11) 

Nevertheless, experimental measurements over the narrow temperature 
range of 100 K starting from ambient temperature, reported for HTPB 
binder in Ref. 5 (Fig. 8) and mentioned in Ref. 4 (p. 410) as well, manifest 
the following constant value (actually, a minor increase with temperature 
surprisingly can be observed in Ref. 5): k cbn (T) = 0.48 x 10~ 3 cal/cm s 
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K. Since all of these data seem to have originated from the same laboratory, 
the more detailed and better founded temperature dependence of Eq. (11) 
is accepted. 

4. Properties of Nitrate Esters 

Density of nitrocellulose (NC) increases with increasing nitrogen content 
from 1.650 to 1.662 g/cm 3 (11.5-13.5% N); see Ref. 11 (p. 145). Density 
of liquid nitroglycerine (NG) is 1.591 g/cm 3 (Refs. 11 and 14); NG freezes 
to a stable form at 286 K with a latent heat of 33.2 cal/g, and its density 
is 1.60 g/cm 3 at 298 K (Ref. 15, p. 288). 

For convenience, other properties of nitrate esters are discussed alto- 
gether in Sec. III. B. 

II. Thermal Wave Structure by Microthermocouples 

In the following sections, the apparatus and technique used to measure 
steady-state burning rates are described (Sec. II. A), a brief review of the 
most important source of errors in embedded thermocouple measurements 
is offered (Sec. II. B), the procedure to prepare thermocouples and pro- 
pellant samples is explained (Sec. II. C), and the overall experimental pro- 
cedure is described (Sec. II. D). From the knowledge of the deflagration 
wave characteristic parameters, it is then possible to estimate relevant 
thermophysical properties in the condensed phase (Sec. II. E). 

A. Burning-Rate Measurements 

The dependence of the steady-state burning rate on pressure (often called 
the "ballistic law") is of fundamental importance, from both the techno- 
logical and scientific standpoints. Indeed, it is sometimes important to 
correlate experimental data (e. g. , surface temperature or frequency of self- 
sustained oscillatory burning) to the steady burning rate rather than pres- 
sure. In addition, knowledge of the ballistic law is often a prerequisite to 
evaluate other relevant quantities (e. g., thermal diffusivity, characteristic 
thicknesses, activation energy, surface heat release, etc). 

For many years, the strand burner apparatus equipped with the con- 
ventional fuse wire network has been the method commonly used in lab- 
oratories (Refs. 16 and 17; see also Chapter 3 of this volume). Since 
intrusive elements can influence combustion processes, particularly at sub- 
atmospheric pressure or low initial temperature, it may be convenient, or 
even necessary, to resort to nonintrusive techniques. 18 This should be sim- 
ple to use, promote measurement without long delays, be relatively in- 
expensive, work in a wide pressure range, and, last but not least, should 
allow for inspecting the propellant combustion in order to judge the test 
quality. 

Making recourse to a solid-state camera allows one to meet all of the 
aforementioned requirements. The schematic diagram of the test rig is 
similar to that described in Chapter 11 (see Fig. 2 of that chapter); however, 
in this instance, the combustion chamber is able to support higher operating 
pressures. The diagnostic setup consists of a TV color camera, a video 



<$A!AA 



iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



MEASURING THERMODYNAMIC PROPERTIES 



155 



S. 



V.C. 

s. 



G.W, 



S.T.M. 




VIDEO CAMERA 
SCALE 



GLASS WINDOW 



SEMI-TRANSPARENT MIRROR 




P. 



PROPELLANT 



COMBUSTION CHAMBER 



Fig. 2 Schematic of particular setup used to superimpose two images. 



timer, a video recorder with slow-motion playback, and a color monitor. 
Such a technique is very useful when the simultaneous employment of 
other intrusive techniques (typically thermocouples) hinders the presence 
of several wires on the same propellant sample. The burning rate mea- 
surement is obtained from the knowledge of the time needed to burn a 
fixed length of the propellant strand; thus, the sample must be graduated. 
For this purpose, a scale, placed outside the combustion chamber, is op- 
tically superimposed on the image of the propellant strand by a semitrans- 
parent mirror (see Fig. 2). The TV color camera records the images of 
both the burning propellant and the superimposed scale at the rate of 50 
frames/s. After each test, the length of strand burned in a certain period 
of time can be measured and the steady burning rate evaluated. 

Calibration is made by placing another identical scale inside the test 
chamber in lieu of the propellant strand and adjusting the position of the 
external scale, until two perfectly overlapped images of the scales are 
obtained on the TV monitor. This procedure is repeated at the beginning 
of each test series. 

After calibration, the propellant strand is mounted vertically between 
two electrical terminal posts, and the combustion chamber is closed and 
filled by the selected working gas at the wanted test pressure. Ignition is 
achieved by passing electrical current through a nichrome wire in contact 
with the top surface of the sample. The combustion chamber pressure, 
when necessary, is kept constant by operating a solenoid valve; this is 
placed on the exhaust line and controlled by an electronic device based on 
the feedback from a pressure transducer measuring the instantaneous chamber 
pressure. 

During each test, a small amount of gas continuously flows from the 
bottom to the top of the chamber. This flow carries away the combustion 
products, so that the windows remain clean, allowing both visual inspection 
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of the combustion processes and recording of the instantaneous location 
of the burning surface. 

Values of steady-state burning rates are obtained as an average of at 
least three readings taken in the central part of the propellant strand, 
leaving out a large enough portion of the bottom and top ends to avoid 
transient effects. Measurement errors can be reduced by maximizing the 
length of the propellant sample and the speed (frame/s) of the TV system; 
however, they increase when the burning rates increase. Using Standard 
TV equipment and taking measurements over a length of 1 cm, the total 
error increases from 2 to 3.5% when the steady burning rate increases 
from 1 to 3 cm/s. 

The experimental data obtained by testing several propellants are plotted 
in Fig. 3 (nonmetallized AP-based composite), Fig. 4 (aluminized 
AP-based composite), and Fig. 5 (noncatalyzed and catalyzed DB). The 
results show that the implemented technique works well in a pressure range 
from the pressure deflagration limit (PDL) up to a few hundred atmos- 
pheres. Data are usually fitted by the following convenient power law: 

h = r b[ei (p/p [e{ ) n (12) 

The pressure range tested is often divided into several regions, and possible 
break points for data fitting are chosen by minimizing the mean quadratic 
error. 17 For all of the composite propellants tested, in the pressure range 
of up to 100 atm, the value of the ballistic exponent n turns out to be 
systematically lower than in the lower pressure range, suggesting that dif- 
ferent flame structures drive the combustion processes: a premixed flame 




PRESSURE, p, atm 

Fig. 3 Measured burning rate vs pressure of nonmetallized AP-based composite 
propellants (API, AP:CTPB 82:18 and AP:CTPB 80:20). 
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PRESSURE, p, atm 

Fig. 4 Measured burning rate vs pressure of aluminized AP-based composite 
propellants (AP3, AP4, and APS). 
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PRESSURE, p, atm 

Fig. 5 Measured burning rate vs pressure of noncatalyzed (DB2) and catalyzed 
(DB3, DB4, and DB5) double-base propellants. 
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in the subatmospheric (usually) pressure range and a diffusion flame above. 
This can be seen for both nonmetallized (Fig. 3) and aluminized (Fig. 4) 
composite propellants. However, this change of flame structure does not 
seem to affect the burning surface in any noticeable way, except at very 
low pressures where PDL phenomena come into play. 

The data reported in Fig. 5 (homogeneous propellants) point out the 
strong burning rate increase in a narrow pressure range (superrate region) 
due to the chemical activity of the catalyst (DB3, DB4, and DB5). In 
particular, DB5 propellant, tested up to 250 atm, reaches its maximum 
burning rate (plateau, n = 0) between 130 and 180 atm, whereas for a 
higher pressure, the ballistic exponent becomes negative (mesa, n = -0.384), 
suggesting the vanishing of the catalyst influence on the burning rate. 

In general, the results obtained are in agreement with the detailed ex- 
perimental survey made by Klager and Zimmerman in Chapter 3 of this 
volume. 

B. Thermocouples as Intrusive Diagnostic Techniques 

Any direct measurement of a physical quantity suffers from two possible 
types of error: systematic and random. Systematic errors depend on iden- 
tifiable factors and are the same for each reading; random errors are dif- 
ferent for every reading and one can only put bounds on them, but not 
remove them. Thermocouples as measurement instruments introduce both 
types of errors. 

Important sources of systematic errors in embedded thermocouple mea- 
surement are heat losses through the leads, mechanical stability of the 
leads, and catalytic effects. In the following discussion, these errors will 
be reviewed briefly. Errors due to the finite response time of thermocouples 
are not considered because they are avoidable (see Sec. II. D). At any rate, 
as underlined by Miller et al., 19 correct temperature measurements require 
that a monodimensional and steady combustion wave is realized. 

1. Heat Conduction Through Leads 

This heat loss is caused by the fact that thermocouple thermal conduc- 
tivity exceeds propellant conductivity by two to three orders of magnitude. 
It can be reduced by arranging the thermocouple wires parallel to the 
isothermal surfaces. However, this may be a problem due to intrinsic ir- 
regularities of the burning surface, never perfectly planar during combus- 
tion; thus, thermocouple leads may burn before its bead. Therefore, wires 
generally have a configuration "by angle." Miller et al., 19 Zenin, 20 and 
Strittmater et al. 21 analyzed this condition of measurement. They all showed 
that sealing thermocouples with an acute angle can cause errors. To eval- 
uate this error, experimental approaches (varying wire sizes and the angle 
between leads) and/or calculation methods (solving the full three-dimen- 
sional transient problem) were suggested. 

2. Mechanical Stability of Leads 

The possibility of errors caused by thermal expansion of thermocouple 
leads was examined for the first time by Miller et al. 19 Wire elongation 
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induces nonlinearity effects in the correspondence between time and dis- 
tance (otherwise linear for a constant burning rate). However, using the 
thermal profiles measured by Kubota 22 and maximizing the effect of ex- 
pansion, Miller et al. found that the error is not greater than 2.5 K, con- 
cluding that it may be disregarded. 

3. Catalytic Effects 

The possibility of catalytic effects on thermocouple readings was ex- 
amined by a number of investigators. Pollock 23 noted the possibility of 
changing Fermi levels and, consequently, the absolute thermoelectric power, 
due to a reducing atmosphere for chromel-alumel and Pt-Pt/RhlO% ther- 
mocouples. However, the same materials were found to be resistant to an 
oxidizing environment. 

Rogers and Suh, 24 Suh et al., 25 and Thompson and Suh 26 used Pt-Pt/Rh 
or chromel-alumel thermocouples in M-2 DB propellants to measure sur- 
face temperatures. They could not find differences testifying possible cat- 
alytic activities in the 570-670 K range. 

Klein et al. 27 found catalytic effects for DB propellants, using coated or 
uncoated Pt-Pt/Rh thermocouples, for temperatures above 1370 K. 

Sabadell et al. 28 tested an AP/polybutadiene-acrylic acid (PBAA) com- 
posite propellant using uncoated or silica-coated Pt-Pt/Rh thermocouples; 
no significant differences could be detected. 

It can be concluded that catalytic effects are not a problem when meas- 
uring thermal profiles in the solid phase; however, they can induce errors 
in the gas phase due to the possible reducing nature of the combustion 
products atmosphere. 

C. Preparation of Thermocouples and Propellant Samplc 

Preparation and insertion of thermocouples in propellant samples are 
delicate operations, especially when thin wires (2.5-10 u,m) are used. 
Thermocouples are manufactured putting in touch the wire tips, made by 
different material (Pt-Pt/Rhl0%), and passing a dc current through the tip 
junction. Because of the small wire size, they are handled by microposi- 
tioners and the whole manufacturing process is carefully monitored by a 
stereomicroscope. The size of the thermocouple beads obtained by this 
procedure is usually smaller than, or at most equal to, the wire diameter. 

The propellant sample is generally a cylinder, laterally inhibited against 
combustion, 6 x 6-mm cross section and 60 mm long. It is prepared with 
a cutaway (Fig. 6) and placed under the thermocouple supported by a 
micropositioner having four degrees of freedom (x, y, z, and rotation). 

The propellant sample is carefully moved toward the thermocouple so 
that the bead is on the longitudinal axis of the sample, touching the inner 
edge of the cutaway and with the wires lying on the horizontal propellant 
surface. The angle between the two thermocouple wires must be very large 
(>120 deg) to avoid heat loss through them and to escape the condition 
that the burning surface reaches one wire just before the thermocouple 
bead. A small piece of makeup propellant is placed on the top of the 
thermocouple to close the void; glue or molten propellant is inserted be- 
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Fig. 6 Propellant sample with 
cutaway for strand burning tests. 
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tween the two pieces of propellant to keep them attached. This procedure 
requires particular attention because the thermocouple bead should not 
move; otherwise, the resulting temperature profile is fallacious. Additional 
details about the whole experimental procedure can be found in Ref. 29. 

The size of the thermocouple bead is particularly important for per- 
forming significant tests. Its selection requires a comparison between the 
characteristic time t* (p) of the steady combustion wave under examination 
and the characteristic time of the thermocouple, f* c . The bead size must 
be such that 



This condition ensures that, at any given operating pressure, the errors 
due to the thermocouple finite response time are negligible. In general, 
the spatial resolution of the thermocouple must also be checked. 

The characteristic time of thermocouples must be experimentally de- 
fined; its value depends on the experimental setup. Dependence of the 
characteristic time on the thermocouple diameter was collected by different 
investigators 30 following different experimental procedures. This type of 
information is needed to pick up the proper thermocouple bead size. 

The characteristic time of the steady combustion wave depends on pres- 
sure mainly through its burning rate. However, temperature-dependent 
properties, possible radiation penetration in the case of radiation-assisted 
combustion, possible distributed chemical reactions, and possible solid-to- 
solid and/or solid-to-liquid transitions all conspire against an easy evalu- 
ation of the combustion wave characteristic time. For the simplest case of 
nonreacting (as well as homogeneous) condensed phase and constant ther- 
mophysical properties, the familiar expression 



is recovered. In general, t*{p) should be properly evaluated for each case. 
In all cases, a trend toward shorter characteristic times for increasing pres- 
sure is observed. This makes arduous the use of thermocouples for high- 
pressure tests. 



t*{p)ltt c » 1 



(13) 



t* c {p) = ajr&p) 



(14) 
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D. Data Recording and Experimental Procedure 

The temperature profile data across the stationary combustion wave is 
of great interest. Its knowledge helps the understanding of the main chem- 
icophysical phenomena in solid-propellant combustion and supplies ex- 
perimental data useful for both analytical predictions and numerical 
simulations. 

The experimental apparatus used to record the temperature profile by 
using microthermocouples was described in the previous section. The volt- 
age output of the thermocouple is amplified 500 times by a wideband 
amplifier and recorded in a digital oscilloscope together with the signal 
output from a pressure transducer. The data stored in the digital oscillo- 
scope are then transferred to a desktop computer and, finally, converted 
into temperature data for successive plotting and reduction. 

The experimental procedure is the same to carry out the steady burning 
rate measurements (see Sec. II. A) because, for each test, the thermal wave 
and the burning rate should correlate tightly. The propellant sample, with 
the embedded thermocouple, is placed in the combustion chamber. The 
thermocouple wires are connected with the extension wires, bringing the 
signal out to the amplifier. The combustion chamber is closed and filled 
by the selected working gas at the wanted test pressure. Ignition is then 
given. 

E. Thermal Wave Structure Using Microthermocouples 

Experimental information immediately deducible from thermal profiles 
is discussed in this section; more elaborate information will be presented 
in Sec. III. 

1. Overall Thermal Profiles 

Typical temperature profiles across the whole combustion wave are shown 
in Figs. 7-10. Readings in the gas phase are bound by the melting point 
of the thermocouple material (2050 K for Pt-Pt/Rhl0%); this is large enough 
to permit measurements in the dark zone of DB propellants but not in the 
final flame portion of either composite or homogeneous propellants. 

Data are plotted on a semilogarithmic plot for convenience. Notice the 
difference between the thermal profiles collected in the condensed phase 
of the composite and DB propellants. In particular, composite propellants 
(with and without aluminum) show a change in the slope of the thermal 
profiles (two straight lines in Figs. 7-9), whereas DB propellants present 
what seems to be a unique exponential profile (straight line in Fig. 10). 
The temperature at which thermal profiles of composite propellants change 
their slope is about 513 K. At this temperature, AP particles change their 
crystalline lattice and, consequently, thermophysical properties; this effect 
was already noticed in Ref. 33. 

As mentioned earlier, the temperature distribution in the condensed 
phase is described by an exponential curve. The easiest way to estimate 
its characteristic time is to fit the experimental data with the expected 
analytical temperature profile (see Chapter 14 in this volume). For DB 





propellants, one finds the familiar expression 

T{t) = T amb + (T s - r amb )exp(-//r c *) (15) 

For composite propellants, it is necessary to evaluate the characteristic 
times of the temperature regions below and above 513 K. Then, from the 
experimental temperature profile, one needs to estimate the time associ- 
ated with the propellant thickness d trR , between the transition temperature 
(513 K) and the surface temperature, defined as 

ftra = d t Jr b (16) 
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Fig. 8 Temperature profile of deflagration wave for an aluminized composite 
propellant (AP3) at p = 0.2 atm. 

Thus, when T amb < T{t) < T tra (AP orthorhombic) , the analytical solution 
is 

T(t) = T amb + (T tra - r amb )exp[(? tra - 0/'c*] (17) 

whereas, when T tra < T(t) < T s (AP cubic or liquid), one obtains 

T(t) = T, - (T, - T tra )[l - exp(-f/f*)]/[l - exp(-f tr A*)] (18) 

Being the values of T s , r tra , and f tra determined for each test, the char- 
acteristic time t* is determined immediately by a best fitting of the exper- 
imental profiles. 

2. Surface Temperature 

The first important quantity deducible from thermal profiles is the tem- 
perature of the burning surface (to this end, a magnification of the thermal 
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Fig. 9 Temperature profile of deflagration wave for an aluminized composite 
propellant (AP5) at p = 2.4 atm. 
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Fig. 10 Temperature profile of deflagration wave for a catalyzed double-base 
propellant (DB5) at p = 10 and 38 atm. 

profile across the burning surface may be convenient). In general, its value 
is located where the temperature profile abruptly changes its slope (Figs. 
7-10). The pressure dependence of measured burning surface tempera- 
tures is shown in Fig. 11: steady-state surface temperatures increase smoothly 
with increasing pressure for all propellants tested. Data are fitted by the 
following convenient power law: 



The values obtained for the best-fitting parameters are reported in Table 
3. Notice the smooth increase with pressure of the steady-state surface 
temperature even for the catalyzed double base (DB5) tested; other in- 
vestigations report instead an increase of surface temperature when su- 
perrate occurs. 31 For the reader's convenience, the values obtained by one 
of the authors 32 testing TBZ, a triple-base propellant [45.75% NC, 40.92% 
metriol trinitrate (METRZO), and 10.07% triethylene glycol dinitrate 
(TEGDN)], are included as well. 

Although no significant difference was found between the aluminized 
and nonaluminized composite propellants tested, homogeneous formula- 
tions manifest systematically lower surface temperatures. With closer scru- 
tiny it can be puzzling that compositions binded by carboxyl-terminated 
polybutadiene (CTPB) (AP2, AP3, and AP4) show slightly larger surface 
temperatures and pressure dependencies than compositions binded by HTPB 
(API and AP5); this holds true independentiy of the presence of aluminum 
and having assumed no break over the entire range of surface temperatures 
explored. 

3. Surface Activation Energy 

From the experimental knowledge of the burning rate and surface tem- 
perature under steady-state operations, the surface activation energy E s 



T s = T S UPIP<«Y TS 



(19) 
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Fig. 11 Dependence of the surface temperature on pressure for a) aluminized 
composite propellants (AP3 and AP5); b) nonaluminized composite propellants 
(API and AP2); c) a catalyzed double-base propellant (DB5). 



can be evaluated. One can assume the familiar Arrhenius law 

r b = A s exp(-E s mT s ) (20) 

or the equivalent Krier-T'ien-Sirignano-Summerfield (KTSS) expression 

r b = B S (T S - r amb )"» (21) 

By plotting \og(r b ) vs 1/T S , it is seen that the experimental data are fitted 
well enough by different straight lines over different operating pressure 
ranges (Figs. 12-14). The slopes of the straight lines are -EJ'Si. The 
preceding versions of the Arrhenius and KTSS surface pyrolysis laws do 
not take into account possible pressure effects and, at any rate, should be 
seen only as formal laws. 



Table 3 Best-fitting 


parameters of the 


law T, = T s 




as determined for 




different 


propellants 






Propellant 


^*s,ref> K 






r 

' sq 


API 


945.2 




0.045 


0.962 


AP2 


996.3 




0.058 


0.977 


AP3 


964.8 




0.051 


0.925 


AP4 


979.3 




0.061 


0.997 


AP5 


929.3 




0.037 


0.846 


DB5 


790.0 




0.072 


0.979 


TBZ 


828.7 




0.096 


NA 
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Fig. 12 Steady burning rate vs inverse surface temperature for nonaluminized 
composite propellants (API and AP2). 



The values of the surface activation energy (or the equivalent w s powers) 
obtained for the tested composite or homogeneous propellants are sum- 
marized in Table 4. For the reader's convenience, the values obtained by 
one of the authors 32 testing a triple-base propellant, TBZ, are included as 
well. 

The following comments are made in terms of Arrhenius law (the for- 
malism commonly adopted), but, of course, they are equally true for KTSS 
law. For all composite propellants tested, the values of the resulting surface 
activation energy lie in the range of 16,500-21,000 cal/mole, suggesting 
that (surface or volumetric?) decomposition of orthorhombic AP could be 
the rate-determining step of steady deflagration waves. 34 However, it is 
again puzzling that compositions binded by CTPB (see AP2, AP3, and 
AP4) show E s = 16,500-17,500 cal/mole, whereas compositions binded 
by HTPB (see API and AP5) show E s = 21,000-22,000 cal/mole. This 
relates to the remarks on T s (p) trends made in the previous section. Un- 
fortunately, the measurement accuracy and amount of collected data are 
not enough to support any saf e conclusion; in addition, Eq. (20) is only 
formal. Yet there is a clue to future work. 

Notice the effect of super-rate burning for DB5 propellant. For this 
propellant, significant values of E s are obtained only by breaking the fitting 
pressure interval into several portions (as clearly required by r b data). 
However, it is not clear precisely how this should be done and discrepancies 
may arise when attempting cross correlations of the experimental jlata. 
The E s values can be estimated from thejitting laws of r b (p) and T s (p) 
(as done in Ref. 35) or, alternatiyely, the T s values can be estimated from 
the fitting laws of r b (p) and r b (l/T s ) (after obtaining E s values, as done in 
this work), or even by straight fitting of the raw data. The values one 
obtains following these different procedures are, in general, different. For 
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Fig. 13 Steady burning rate vs inverse surface temperature for aluminized 
composite propellants (AP3 and AP5). 

consistency, especially in analytical or numerical studies, the best method 
is to judiciously combine good statistical quality of the experimental data 
with physical understanding of the underlying phenomena. 

4. Characteristic Times of the Condensed Phase 

The characteristic times t* of the condensed-phase thermal wave, esti- 
mated following the procedure outlined in Sec. II.E.l, are plotted in Fig. 
15 (nonmetallized AP-based composite), Fig. 16 (aluminized AP-based 
composite), and Fig. 17 (catalyzed DB). For all propellants tested, t* 
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Fig. 14 Steady burning rate vs inverse surface temperature for a catalyzed 
double-base propellant (DB5). 
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Table 4 Evaluated parameters of formal surface pyrolysis laws (Arrhenius and 
KTSS) for different propellants 









Prpccurp i"QTifT(^ 


Propellant 


cal/mole 


w s 


atm 


API 


21,000 


8.26 


0.2 < p < 32 


AP2 


16,500 


7.54 


0.2 < p < 15 


AP3 


17,500 


6.87 


0.2 < p < 5 


AP4 


16,600 


6.06 


0.5 < p < 5 


AP5 


22,000 


9.00 


0.2 < p < 6 


DBS 


5,600 


2.18 


0.14 < p < 2.8 




26,800 


10.32 


2.8 <p < 11.5 




7,500 


3.06 


11.5 < p < 34 


TBZ 


8,130 


3.54 


0.2 < p < 20.4 




14,800 


6.18 


20.4 < p < 70 



decreases for increasing pressure, and a break of the fitting curves is noticed 
(corresponding to the pressures for which the slope of the burning rate vs 
pressure changes too). The presence of Al makes pressure dependence 
less sharp and yields larger t* values (due to increased thermal conductivity) . 

5. Characteristic Thicknesses of the Condensed Phase 

An estimate of the associated characteristic thickness follows easily from 
the definition 

d*(p) = h ■ t* =p"-p- 2 " = p~" (22) 

The dependence of d* on pressure or burning rate has an obvious, common 
trend for all propellants tested: it decreases for increasing pressure or 




Fig. 15 Pressure dependence of thermal wave characteristic time in the 
condensed phase for a nonaluminized composite propellant (API). 
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Fig. 16 Pressure dependence of thermal wave characteristic time in the 
condensed phase for an aluminized composite propellant (AP5). 



burning rate. When d*{p) approaches AP particle sizes (for large pressures 
or burning rates), the effects of condensed-phase heterogeneity must be 
considered explicitly. 



6. Transition Thickness in Composite Propellants 

From the thermal profiles collected, the thickness of the steady defla- 
gration wave between the surface temperature T s {p) and the AP crystalline 
transition temperature T, ra can be measured. The values thus obtained are 
plotted in Fig. 18; as first remarked in Ref. 33, straight lines correlate r b 
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Fig. 17 Pressure dependence of thermal wave characteristic time in the 
condensed phase for a cataiyzed double-base propellant (DB5). 
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Fig. 18 Burning rate vs inverse transition thickness for aluminized (AP5) and 
nonaluminized (API) composite propellants. Results obtained by Beckstead and 
Hightower 33 for pure AP are also shown. 



vs l/rf tra , implying that d lia F b = const. This was verified for both nonalu- 
minized and aluminized compositions. AP5 propellant features larger tran- 
sition thicknesses with respect to API due to its larger thermal conductivity 
in the hot layer near the burning surface (see Sec. III. A. 4); for the same 
reason, the results from Ref. 33, obtained by testing single AP crystals, 
stand above all, being the near-surface thermal conductivity of AP crystals 
the highest among the three values (see Sec. I.D.l). Breaks of both curves 
correspond to ballistic exponent breaks (cf. Figs. 3 and 4). 

7. Transition Thickness in Homogeneous Propellants 

From the thermal profiles collected, the thickness of the steady defla- 
gration wave between the surface temperature T s (p) and the pyrolysis 
transition temperature T tra can be measured. As expected, no peculiarity 
could be detected in the available experimental results. 



III. Deduced Condensed-Phase Ballistic Properties 

The quantities considered here are density, thermal diffusivity, specific 
heat, thermal conductivity, and thermal responsivity. First, composite pro- 
pellants are examined, then homogeneous propellants. Unfortunately, not 
all of the mentioned data are available for all of the propellants tested. 



A. Combustion Wave Structure of Composite Propellants 

Properties were computed according to the nominal composition of the 
propellants considered, as reported in Sec. I. C. For propellant AP2, con- 
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taining 1% alumina, data were computed with A1 2 0 3 both explicitly ac- 
counted for or just included in the binder mass fraction; as expected, no 
significant difference was found. 

1. Density 

For composite propellants, density can be evaluated as 

l/p e = ox/p AP + me/p A1 + (1 - ox — me)/p bn (23) 

Measuring p c at ambient temperature and knowing the value p AP = p ort 
of AP orthorhombic, one can deduce the density p bn of the binder, assumed 
invariant with temperature (see subsequent comments). At this point, 
knowing the value p AP = p cub of AP cubic, one can deduce the value p s 
of the burning propellant in the hot layer adjacent to the burning surface. 
Porosity was estimated as the difference between expected and measured 
densities at ambient temperature. The following values were found for 
some of the composite propellants tested in this investigation: 

API: 

p, = 1.506 g/cm 3 and p bn = 0.804 g/cm 3 , porosity = 3.21% 
AP3: 

p, = 1.562 g/cm 3 and p bn = 0.821 g/cm 3 , porosity = 2.16% 
AP5: 

p s = 1.641 g/cm 3 and p bn = 0.901 g/cm 3 , porosity = 0.29% 

Obviously, the binder density incorporates any other propellant ingre- 
dient (burning rate catalysts, aging agents, opacifiers, etc.) not explicitly 
taken into account; moreover, in this approach, its value is affected by the 
propellant porosity. Therefore, p bn is just nominal. Just as a reference 
value, the densities of CTPB and HTPB prepolymers are 0.91 and 0.92 
g/cm 3 , respectively. 11 

2. Thermal Diffusivity of the Condensed Phase 

The two thermal diffusivities a c (p) and a s (p), before and after AP crys- 
talline transition, respectively, are evaluated according to 

<* c = h ■ t: (24) 

The results obtained for the composite propellants tested are collected 
in Table 5. Possible pressure effects, if any, in particular for AP cubic or 
liquid, are masked by more influential factors. In the temperature range 
of 300-513 K (AP orthorhombic), one finds that 

for API: 



(a c (T)) = 1.84 x 10- 3 cm 2 /s 
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Table 5 Evaluated thermal diffusivity for different propellants 



Propellant 




a X 10 3 cm 2 /s 




amb tra 


T aa <T<T s 


amb ,s 


API 


1.84 


0.53 


NA 


AP2 


1.80 


?? 


NA 


AP3 


2.15 


0.60 


NA 


AP5 


2.36 


0.61 


NA 


DB5 


NA 


NA 


1.46 


TBZ 


NA 


NA 


1.70 



for AP2: 

(a c (T)) = 1.80 x 10- 3 cm 2 /s 

for AP3: 

<a c (T)> = 2.15 X 10- 3 cm 2 /s 

for AP5: 

<a c (T)> = 2.36 x 10~ 3 cm 2 /s 

In the temperature range above 513 K (AP cubic or liquid), one finds 
that 

for API: 

<a,(r)> = 0-53 x 10- 3 cm 2 /s 

for AP3: 

<a,(r)> = 0.60 x 10- 3 cm 2 /s 

for AP5: 

<a,(70> = 0.61 x 10- 3 cm 2 /s 

As expected, the preceding results show that thermal diffusivity is con- 
trolled basically by AP's presence (cf. Sec. I.D.l). When AP is orthor- 
hombic, the average thermal diffusivity for nonaluminized formulations is 
slightly below that of pure AP (1.89 x 10" 3 cm 2 /s); for aluminized for- 
mulations, the presence of Al, a good thermal conductor, perceivably 
increases the average thermal diffusivity. When AP is cubic or liquid, the 
average thermal diffusivity is lower (by a factor of 3 or 4) and essentially 
reproduces that of AP cubic (0.65 x 10- 3 cm 2 /s); the possible presence 
of Al helps only slightly. 

Direct measurements made for three nonaluminized samples of AP/ 
HTPB (containing 70, 80, and 85% AP) are reported in Ref. 4 (Fig. 2) 
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and Ref. 5 (Fig. 7). Experimental work was carried out on both single AP 
crystals and AP/HTPB mixtures obtained with HTPB initially liquid and 
AP powder. The effect of HTPB's presence, not relevant for the mass 
fractions tested, was to diminish thermal diffusivity especially in the or- 
thorhombic AP region and for the 70% AP mixture. In all cases, thermal 
diffusivity was found to decrease linearly for temperature increasing from 
ambient value up to the AP crystalline transition. The measured values of 
(a c (T)), ranging from about 2.0 to 1.3 X 10~ 3 cm 2 /s, are lower than those 
of the AP crystals. Few measurements in the cubic AP region revealed 
values markedly less than those in the orthorhombic AP region, decreasing 
with temperature and of the order (a s (T)) ~ 0.8 x 10~ 3 cm 2 /s at 600 K 
and (by extrapolation) 0.6 x 10 3 cm 2 /s at 750 K. Overall, a good agree- 
ment with the results obtained earlier for the composite propellants tested 
is seen. 



3. Specific Heat of the Condensed Phase 

For composite propellants, the temperature dependence of specific heat 
can be evaluated as 

c c (T) = ox • c AP (T) + me • c Al (T) + (1 - ox - me) • c bn (T) (25) 

where again the "binder" mass fraction includes any other propellant in- 
gredient as well. Phase transitions must be considered at least for AP and 
Al; for the binder, due to lack of precise information, phase transition 
effects are approximated by assuming that the binder specific heat freezes 
at 723 K (melting of AP). Equation (25) is a good approximation if the 
energy of binding is small compared with the sum of the energies associated 
with the homogeneous pockets of ingredients; this may not be true for the 
smallest AP particle sizes (as pointed out by M. S. Miller, Ballistic Research 
Lab, Aberdeen Proving Ground, Maryland). 

Notice that, in general, the effects of Al (small specific heat) and the 
binder (large specific heat) on the resulting specific heat of propellants 
tend to balance each other. Up to the melting point of AP, aluminized 
propellants roughly follow the behavior of pure AP (cf. Sec. I.D.l). For 
representative composite propellants, one finds that 

for T amb < T < r 1AP , 
API: 

c c (T) = 0.289 + 0.469 x 10~ 3 (r - T ref ) 

AP3: 

c c (T) = 0.284 + 0.436 x 10- 3 (T - T ret ) 

AP5: 

c c (T) = 0.281 + 0.410 x 10- 3 (T - T ref ) 
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for r 1>AP < T < T UAl , 
API: 

c c (T) = 0.381 

AP3: 

c c (T) = 0.370 + 0.012 x 10~ 3 (T - F ref ) 

AP5: 

c c (T) = 0.361 + 0.021 x 10~ 3 (T - T re{ ) 
for T > r 1A1 , 
API: 

c c (T) = 0.381 

AP3: 

c c (T) = 0.377 

AP5: 

c c (T) = 0.373 

A graphical summary is shown in Fig. 19: after AP melting, all curves 
tend to coalesce; aluminized compositions systematically show lower spe- 
cific heat than nonaluminized; only marginal differences can be detected 
between AP4 and AP5 compositions. 

For all composite propellants tested, (c c (T)) = 0.34 cal/g K (nonalu- 
minized) or 0.32 cal/g K (aluminized) are good values in the "cold" portion 
(AP orthorhombic) of thermal profiles, whereas {c c (T)) = 0.44 cal/g K 
(nonaluminized) or 0.41 cal/g K (aluminized) is a good value in the first 
part of the "hot" portion (AP cubic) of thermal profiles. Melting, first of 
AP and then of Al, lowers to 0.38 cal/g K (nonaluminized) or 0.37 cal/g 
K (aluminized) the specific heat of all composite propellants tested in the 
high-temperature range. 

Recall that, for pure AP, it was found in Sec. I.D.l that (c c (T)) = 0.31 
cal/g K in the orthorhombic region, 0.40 cal/g K in the cubic region, and 
0.33 cal/g K in the liquid region. Overall, good agreement with the pre- 
ceding computed results is seen. 

4. Thermal Conductivity of the Condensed Phase 

Thermal conductivities k c {T) and k s (T), before and after AP crystalline 
transition, respectively, are deduced as 

(k c (T)) = k c (p) = Pc (*c(T))(c c (T)) 

(k s (T)) = k s (p) = Ps {cc s (T)){c s (T)) 
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Densities are assumed constant, but different, before and after the crys- 
talline transition of AP particles. Moreover, possible pressure dependen- 
cies, if any, could not be detected by the experimental procedure followed 
to evaluate (a c (T)) and (a s (T)). Therefore, the only pressure dependence 
allowed stems from the average specific heat before and after transition. 
The value of {c c .(T)) is not pressure-dependent, because the crystalline 
transition temperature is taken as fixed. It follows that (k c (T)) = k c (p) = 
k c . Conversely, the value of (c s (T)) is pressure-dependent through the 
burning surface temperature. Nevertheless, melting of _AP first and Al 
later, together with the weak pressure dependence of T s (p), make this 
dependence very shallow (cf. Fig. 19 and Table 3). This implies that {k s (T)) 
= k s (p) = k s within large tolerances. 

Therefore, from the experimental values of (a c (T)), (a s (T)), and p c as 
well as the computed values of (c c (T)), (c s (T)), and p„ one easily obtains 
reasonable estimates of thermal conductivity. Of course, the following 
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values are valid only for the specific propellants tested and have the mean- 
ing of effective bulk thermal conductivity. In the temperature range from 
300 to 513 K (AP orthorhombic), 



API: 



AP2: 



AP3: 



AP5: 



k c = 1.02 x 10- 3 cal/cm s K 
k c = 1.01 x 10- 3 cal/cm s K 
k c = 1.19 x 10- 3 cal/cm s K 



k c = 1.34 x 10~ 3 cal/cm s K 

In the temperature range above the crystalline transition of 513 K (AP 
cubic or liquid), 

API: 

k s = 0.34 x 10~ 3 cal/cm s K 

AP2: 

k s = 0.38 x 10~ 3 cal/cm s K 

AP5: 

k s = 0.40 x 10" 3 cal/cm s K 

Notice that, under all circumstances, thermal conductivity decreases by a 
factor of about 3 moving from the propellant cold boundary to its hot 
surface. This may yield profound consequences on all dynamic burning 
effects. As expected, the presence of aluminum increases thermal con- 
ductivity both before and after AP crystalline transition. 

Again, the preceding results show that thermal conductivity is basically 
controlled by the AP presence (cf. Sec. I.D.l). Recall that, for pure AP, 
the average value of thermal conductivity is (k c (T)) = 1.1 cal/cm s K in 
the orthorhombic region, 0.5 cal/cm s K in the cubic region, and 0.9 cal/ 
cm s K in the liquid region. Then, when AP is orthorhombic, the average 
thermal conductivity of nonaluminized propellants is slightly below that of 
pure AP due to the binder being a bad thermal conductor; for aluminized 
propellants, the presence of Al, a good thermal conductor, perceivably 
increases the average thermal conductivity. When AP is cubic or liquid, 
the average thermal conductivity is lower (by a factor of 3) and essentially 
reproduces that of AP cubic; the possible presence of Al has only marginal 
effects. 

Indirect measurements made for three nonaluminized samples of AP/ 
HTPB (containing 70, 80, and 85% AP) are reported in Ref. 4 (Fig. 3) 
and Ref. 5 (Fig. 8). Experimental work was carried out on both single AP 
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crystals and AP/HTPB mixtures, obtained with HTPB initially liquid and 
AP powder so that the intergrain space is filled with binder. Bulk con- 
ductivity values were calculated from thermal diffusivity (just as done ear- 
lier). The effect of HTPB's presence, from 30 to 15% mass fraction, was 
obscured by data scatter. For AP orthorhombic, the obtained k c (T) values 
of the three mixtures, ranging from about 1.3 to 1.1 x 10~ 3 cal/cm s K, 
are larger than those obtained for pure AP crystals, slightly below 1.0 x 
10 ~ 3 cal/cm s K. No value is reported for k c (T) of AP/HTPB mixtures in 
the cubic AP region. Overall, reasonable agreement with the results ob- 
tained earlier for the composite propellants tested is seen. 

As a general check, Medford 36 measured {a c (T)) = 2.07 x 10~ 3 cm 2 /s 
for an AP/PBAA composite propellant of undeclared mhcture ratio. This 
value of thermal diffusivity yielded k c = 0.984 x 10~ 3 cal/cm s K, being 
p c = 1.648 g/cm 3 (measured) and (c c (T)) = 0.289 cal/g K (estimated). The 
thermal diffusivity value was obtained from thermocouple data acquired 
in temperature cycling a hollow, cylindrical grain of a 10-in. (25.4-cm) 
solid-propellant test motor with a burning time of less than 10 s. Cycling 
was enforced between 170 and -75 F (s 350-214 K), and, therefore, the 
values obtained concern only the orthorhombic phase. 

5. Thermal Responsivity of the Condensed Phase 



By definition, Y = V&pc, leading to the following values below and 
above crystalline transition regions, respectively, 



API: 



r c = 0.0237 cal/cm 2 s 1/2 K 



AP2: 



r c = 0.0237 cal/cm 2 s 1/2 K 



AP3: 



r c = 0.0257 cal/cm 2 s 1/2 K 



AP5: 



r c = 0.0277 cal/cm 2 s 1/2 K 



API: 



r s = 0.0146 cal/cm 2 s 1/2 K 



AP3: 



f, = 0.0157 cal/cm 2 s 1/2 K 



AP5: 



r, = 0.0162 cal/cm 2 s 1/2 K 



How do these values compare with the available data from the literature? 
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Baer and Ryan 37 followed a similar approach studying ignition of AP- 
based composite propellants. Density and thermal diffusivity were mea- 
sured, whereas specific heat was computed; but AP crystalline transition 
was not considered, and properties were taken as constant at a nominal 
temperature of 333 K. For several composite nonmetallized propellants 
(AP mass fraction ranging from 76 to 86%, binders of different nature 
ranging from 12 to 21%, and at most 3% of aluminum plus catalysts), 
thermal diffusivities from 1.4 to 2.0 x 10 ~ 3 cm 2 /s were measured, leading 
to values of thermal responsivities from 0.020 to 0.027 cal/cm 2 1/2 K. Pressed 
samples of AP with carbon black plus catalyst also ranged between 0.021 
and 0.025 cal/cm 2 s 1/2 K. The only exception was a pressed mixture of 82% 
AP with 16% graphite and 2% catalyst, featuring a thermal diffusivity of 
7.8 x 10~ 3 cm 2 /s and thermal responsivity of 0.046 cal/cm 2 s 1/2 K (both 
values being anomalously large due to the excellent thermal conductivity 
of graphite). 

Further work within the same framework was carried out by Keller et 
al. 38 on nonmetallized AP-based composite propellants; a thermal respon- 
sivity of 0.020-0.021 cal/cm 2 s 1/2 K was estimated. Ali of these numbers 
are reasonably intermediate between the below and above crystalline tran- 
sition values obtained earlier. 

An interesting discussion is reported 39 in a study dedicated to ignition 
of simulated AP-based composite propellants, consisting of wafers of AP 
with copper chromite and possibly carbon or polyethylene up to a maximum 
of 12% additive. Samples were obtained by hydraulically pressing powder 
mixtures. The authors realized the importance of temperature when eval- 
uating thermal responsivity and tried to average the relevant properties 
over the complete temperature range (from the initial sample temperature 
of 298 K up to surface temperature). For lack of adequate information on 
binders and additives, only properties of pure AP were used, implying 
reasonable estimates for nonmetallized compositions only. At any rate, 
whereas specific heat was obtained as an average value over the complete 
temperature range and even included the heat of transition at 513 K, density 
was measured at ambient temperature and thermal conductivity was mea- 
sured as an average value between 298 and 513 K for a pure AP pellet 
with about 2% porosity (k c = 1.02 x 10~ 3 cal/cm s K). With this in mind, 
all of the values obtained in Ref. 39 for thermal responsivity lie in the 
range of 0.025-0.027 cal/cm 2 s 1/2 K, depending on the surface temperature. 
These figures should be considered as average over the entire condensed 
phase but are probably too large, since thermal conductivity of AP strongly 
decreases above 513 K. Better information is that thermal responsivity of 
all samples was T c = 0.024 cal/cm 2 s 1/2 K at 323 K (AP orthorhombic), 
which is very close to the value obtained earlier for API and AP2 non- 
metallized compositions. 

Other data are reported by Lengelle et al. 40 in a recent paper on ignition. 
Suggested values, deduced from ignition tests, are 0.021 and 0.030 cal/cm 2 
s 1/2 K for thermal responsivity of AP-based nonmetallized and aluminized 
composite propellants, respectively. Both of these values are in qualitative 
agreement with those obtained in this work. 
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B. Combustion Wave Structure of Homogeneous Propellants 

Thermodynamic properties of homogeneous propellants are less intri- 
guing than those of composite propellants. Difficulties lie in identifying 
the distributed chemical wave probably controlling sample pyrolysis, but 
this is out of the scope of this chapter. Chapter 6 by Zenin will provide 
important complementary information. 

1. Density 

No perceivable temperature effect has been reported. 

2. Thermal Diffusivity of the Condensed Phase 

Several runs could not evidence pressure effects, probably due to the 
simultaneous increase with temperature of both specific heat (see Sec. 
III. B. 3) and thermal conductivity (see Sec. III. B. 4). Therefore, one can 
write the following: 

for DB5: 

<a c (70> = a c (p) ^ a c = 1.46 x 10" 3 

for TBZ: 

<a c (T)) = a c (p) s a c = 1.70 x 10- 3 

The results obtained for all composite and homogeneous propellants tested 
are summarized in Table 5. For the reader's convenience, the values ob- 
tained by one of the authors 32 testing a triple-base propellant are included 
as well. 

3. Specific Heat of the Condensed Phase 

Measurements over a temperature range from 283 to 343 K were per- 
formed using a differential scanning calorimeter (DSC) for X14, a nitro- 
cellulose-nitroglycerine DB propellant, in Ref. 41. Specific heat was found 
to increase linearly with temperature according to the following best-fitting 
expression: 

c c (T) = 0.316 + 0.660 x 10~ 3 (r - T TCt ) (26) 

Nonlinear contributions were not detectable, at least over the limited tem- 
perature range of investigation imposed by the sample decomposition 
(commencing at 348 K, probably due to NG volatilization). 

Further measurements of four grades of cellulose nitrates were per- 
formed by the same author in the temperature range of 298-390 K. 42 
Specific heats were again found to increase linearly with temperature ac- 
cording to the following best-fitting expressions: 

for 13.4% N: 



c c (T) = 0.2476 + 0.764 x 1Q- 3 (T - T iei ) 



(27) 
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for 13.15% N: 

c c {T) = 0.2559 + 0.786 x 10~ 3 (r - T ref ) (28) 
for 13.25% N: 

c c (T) = 0.2614 + 0.791 x 10- 3 (T - T ref ) (29) 
for 12.2% N: 

c c (T) = 0.2707 + 0.817 x 10- 3 (T - T ref ) (30) 

The results confirm that specific heat decreases with increasing nitrogen 
content. Common applications fail in the range of 12.6-13.5% N; the 
12.6% N variety is normally assumed for solid-propellant formulations 
(Ref. 15, p. 283). 

As to NG, the value of 0.32 cal/g K for specific heat is reported in Ref. 
14 (p. 236). 

Zenin (Chapter 6 of this volume) reports (c c (T)} = 0.35 cal/g K as 
average specific heat for DB formulations in general. 

4. Thermal Conductivity of the Condensed Phase 

Based on the definition of thermal diffusivity, thermal conductivity is 
evaluated as 

(k c (T)) = k c (p) = p c a c (c c (T)) (31) 

where pressure dependence can stem only from specific heat through sur- 
face temperature. For DB5 catalyzed propellant, assuming the specific heat 
found for XI 4 in Ref. 41 and using the values of Table 5, one finds that 

k c (p = 1 atm) = 1.09 x 10" 3 cal/cm s K 

k c {p = 68 atm) = 1.14 x 10" 3 cal/cm s K 

Ali considered, one should neglect this pressure dependence; a value of 
k c = 1.1 x 10 ~ 3 cal/cm s K is enough for most practical purposes. 

Experimental data are reported by Cohen and Imber, 43 who tested two 
DB compositions denoted as ARP and DOQ, respectively, over a limited 
temperature range of about 266-316 K. In both cases, the experimental 
results featured a linear k c (T) dependence growing with temperature. Best 
fitting laws of these data are conveniently expressed as follows: 

For ARP, 

k c (T) = 0.832 x 10" 3 + 3.913 x 10- 6 (T - T ref ) (32) 
For DOQ, 

k c (T) = 0.756 x 10~ 3 + 2.457 x 10- 6 (T - T re£ ) (33) 



The growing temperature dependence of these two DB compositions con- 



(&AIAA 

HnWa^ffiiimihiiioipiimiaiilfAf Purchased from American Institute of Aeronautics and Astronautics 



MEASURING THERMODYNAMIC PROPERTIES 181 



for DOQ: 



trasts with the decreasing temperature dependence of composite propel- 
lants. It was noticed in Ref. 43 that this is because both DB compositions 
were above the glass point in the temperature range investigated; this 
requires particular caution for any data extrapolation, in the lower tem- 
perature range in particular. With the surface temperatures of DB5 pro- 
pellant, one finds the following: 

for ARP: 

k c (p = 1 atm) = 1.65 x 10 -3 cal/cm s K 
k c (p = 68 atm) = 1.79 x 10 ~ 3 cal/cm s K 

k c (p = 1 atm) = 1.27 x 10" 3 cal/cm s K 

k c (p = 68 atm) = 1.36 x 10^ 3 cal/cm s K 

If again one neglects pressure dependence, representative values of thermal 
conductivity of 1.7 x 10~ 3 andl.3 x 10 ~ 3 cal/cm s K for ARP and DOQ, 
respectively, are obtained. Both are larger than the value k c = 1.1 x 10~ 3 
cal/cm s K computed earlier for DB5. 

Zenin (Chapter 6 of this volume) suggests, for the thermal conductivity 
of DB formulations in general, the following expression: 

(k c (T)) = 0.7 x 10~ 4 exp(3.37T J (j!7)/1000) (34) 

yielding for DB5 the values of (k c (T)) = 0.792 x 10~ 3 cal/cm s K at 1 
atm and 1.006 x 10" 3 cal/cm s K at 68 atm. These values are quite close 
to those evaluated by Eq. (31). 



5. Thermal Responsivity of the Condensed Phase 

By definition, T = \/kpc, leading to the following values for DB5: 

T c = 0.0291 cal/cm 2 s 1/2 K (k c computed) 

= 0.0315 cal/cm 2 s 1/2 K (k c from DOQ) 

= 0.0360 cal/cm 2 s 1/2 K (k c from ARP) 

= 0.0262 cal/cm 2 s 1/2 K (k c from Zenin) 

Lengelle et al. 40 in a recent paper on ignition, suggest from measurements 
for DB propellants a low value of 0.018 cal/cm 2 s 1/2 K (vs a previous 0.020), 
probably based on a rather low estimate of thermal conductivity. 



IV. Gas-Phase Structure by Laser Doppler Velocimetry 

Laser Doppler velocimetry (LDV) is a nonintrusive tool suitable for 
investigations of fluid dynamic fields. Understanding of solid-propellant 
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combustion mechanisms requires the knowledge of the corresponding flame 
structure; LD V can provide information about the gas velocity in flame 
regions. Thermodynamic considerations can be deduced from LD V data, 
and, in some favorable situations, quantities such as soot concentration 
and density gradients can also be estimated. In this chapter, LD V is used 
to study the propellant flame structure and its dependence on pressure. 

A. Literature Survey 

The literature reporting applications of LDV to solid-propellant com- 
bustion is not wide. Abbot, 44 after a scrupulous study, pointed out basic 
problems related to the acoustic admittance evaluation. Later, Caveny et 
al. 45 attempted a direct measurement of the acoustic admittance. This 
research group used LDV to analyze the flame structure of DB propellants 46 ^ 48 ; 
results on AP propellants are presented in Sec. IV. F. A parallel area of 
investigation resorts to LDV to analyze patterns of gas or particle velocity 
in exhaust plumes. A good review of LDV applications to multiphase 
reacting flows is included in Ref. 49. 

B. Optical Configuration 

LDV is a versatile diagnostic technique, which can be used also in com- 
bustion in many different optical configurations. The forward-scattering 
configuration was selected to obtain the results hereafter shown. The rea- 
sons of this choice are the easiness to equip the combustion chamber with 
optical windows and because the light scattered by particles (naturally 
present in the combustion gases) features a maximum in the forward di- 
rection. 50 A 25-MW He-Ne laser, emitting at X = 632.8 nm, produces a 
light beam of diameter cb = 1.1 mm split by a cube into two parallel beams 
having a distance d = 28 mm. As shown in Fig. 20, the two beams are 
focused by a lens with focal length/ = 200 mm into the combustion chamber 
on the axis of the propellant sample. This ellipsoidal focal point is the 
probe volume (0.15 x 0.15 x 1 mm 3 ), which can be seen as a pattern of 
interferential fringes. The distance between the fringes is K = k/n sin(-d/ 
2) = 4.55 |x. For general explanations, see Chapter 8 by Parr and Hanson- 
Parr in this volume and the sketch of Fig. 21. 

The light, scattered by the particles crossing the probe volume, is focused 
by a lens system onto the pinhole of a photomultiplier. To avoid stray light 
falling onto the pinhole, originating from the propellant flame or just its 
surroundings, the receiving optics is shielded by an interferential filter able 
to stop all of the wavelengths except the laser's. It must be pointed out 
that one of the two laser beams passes undeflected through the center of 
the lenses and the windows, along a direction parallel to the burning surface 
of the propellant sample (see Fig. 20). This arrangement allows measure- 
ments in the gas phase very close to the burning surface. Moreover, the 
undeflected beam is aligned onto a photodiode used as a trigger for the 
data acquisition system. 

This configuration is slightly different from the common differential one, 
but the velocity component so measured (perpendicular to the bisecting 
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line of the angle between the laser beams) differs by a negligible factor 
(—1%) from the velocity u g perpendicular to the burning surface. This 
optical setup is simple, quite easy to align, and able to produce clear 
Doppler signals from hot gases. 

C. Data Acquisition System 

Many performances are required for a data acquisition system to be 
suitable for an LDV rig; most important is the capability to draw out 
Doppler signals from a background noise often high. The luminous signal, 
produced by a particle crossing the fringes in the probe volume, is trans- 
duced into an electrical signal by a photomultiplier. Unfortunately, several 
factors concur to mask the Doppler signal (e. g., the simultaneous presence 
of many particles inside the probe volume, flame emission at the same 
wavelength of the laser, electronic noise from the photomultiplier, multiple 
scattering). 

A signal processor capable of meeting the preceding difficulties is the 
burst spectrum analyzer (BSA). This instrument, compared with counters 
and trackers used so far, can handle signals with a lower signal-to-noise 
ratio (up to -5 dB). Moreover, the BSA is able to perform a spectral 
analysis of the entire signal, and not only of the frequency range close to 
the zero crossing (as counters do). 

To extract the Doppler frequency, the BSA performs a digital spectrum 
analysis of the Doppler signal. The block diagram of this instrument is 
composed of two paths: the first one represents the burst detector with the 
buffer controls, and the other one represents the spectrum analyzer. The 
first path filters the signals to generate a pedestal and envelope. When 
they exceed a certain threshold, the input sampling is started and their 
amplitude, or the ratio between them, allows rejection of bad or too large 
amplitude signals (coming from large particles, therefore probably not in 
equilibrium with the flow). 

The core of the BSA is a fast Fourier transform processor. As a result 
of "zero filling" and zooming techniques, this processor can support a 
mean data rate (function of the number of samples and sampling frequency) 
up to 625 kHz and can measure Doppler frequency up to 80 MHz. From 
every frequency spectrum so obtained, a postprocessor performs a maxima 
finding and an interpolation in order to measure the correct value of the 
Doppler signal frequency. In addition, it is possible to check signal quality, 
to reject unvalidated data, to get for each particle its arrival time and 
transit time, and to control the buffer and a dedicated desktop computer. 
The computer can set the BSA and handles both data collection and stor- 
age. Finally, in-house software is used to process and plot the collected 
data. 

The TV method described in Sec. II. A was implemented to measure 
steady burning rates. To obtain a precise correlation between the time and 
space position of the velocity data, a simple trigger system was arranged. 
The photodiode aligned on the undeflected beam sends a signal to a circuit 
that fires the BSA previously inhibited. In this way, it is possible to know 
the exact distance of the first velocity data from the burning surface. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



MEASURING THERMODYNAMIC PROPERTIES 185 

D. Experimental Procedure 

The experimental procedure is not complex, but achieving good accuracy 
necessitates care and frequent checks. Attention is required for the posi- 
tioning of the sample in the combustion chamber to get the probe volume 
onto its axis. At the beginning of the test, the burning surface is placed 
about 15 mm above the focusing point, so that the strand has sufficient 
time to reach a steady combustion configuration. Remember that intelli- 
gible data will result only if the burning surface is flat and parallel to the 
single fringe plane. 

The BSA must be set, via computer, in the best configuration expected 
for the run. The experimental procedure is then activated and the equip- 
ment waits for the start, provided by the trigger signal coming from the 
photodiode aligned with the undeflected laser beam. At the same time, 
this trigger sends a special mark to the video timer. When the burning 
surface reaches the focusing point, a sufficient number of interferential 
fringes is formed only when a substantial fraction of the lower laser beam 
is dismasked almost completely. This beam can now fire the trigger of the 
acquisition system. The velocity and arrival time so collected are stored in 
two files; afterwards, a computer code is able to read the collected data 
and plot velocity vs time or space, draw histograms, and expand parts of 
the plot. 

From the plots so obtained, it is possible to obtain, for each test, direct 
information on average velocity in different portions of the flame, thickness 
of relevant flame regions (i. e., dark zone for DB propellants), and repe- 
tition rate of events (i. e., combustion oscillation). 

E. Measurement Accuracy 

Several factors affect the precision of the measurements, 51 but they are 
rather well known and quantifiable. Among these, the positioning errors 
are the easiest to locate. They are related to the fact that, when the com- 
bustion chamber is closed, the windows displace the probe volume and 
focusing point onto the pinhole or because the gas flow direction is not 
exactly perpendicular to the probe volume fringes. In the first case, the 
data are collected in a point different from the selected one; in the second 
case, the velocity measurement is only a component of the desired velocity. 
However, both errors are easily detectable, and corrections are obvious. 

Additional sources of error are related to the difficulty of knowing the 
correct value of important quantities. 52 One concerns the value of the local 
refraction index of the combustion gas; another concerns the dimension 
and shape of particles whose velocity is measured. To determine the correct 
value of K, the knowledge of the refraction index is required. Unfortu- 
nately, this index is a function of pressure and temperature in the gas zone 
where the probe volume is located. This would imply a "local" correction 
factor, but the common procedure is to use some average value (e. g., 
refraction index = 1.01 estimated from Ref. 54). 

Another error related to the determination of K is due to density gra- 
dients in the flame. They locally change the gas refraction index, causing 
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a variation of the fringes distance. This leads to a Doppler burst with no 
constant frequency even if the crossing velocity is constant (the collected 
data are then rejected by the validation system), or to destruction of the 
probe volume by an exaggerated beam steering. It must always be borne 
in mind that LDV does not measure the gas velocity directly, but rather 
the velocity of the particles carried away by the flow. It is difficult to know 
the dimensions and shape of the soot particles naturally present in the hot 
combustion gases and used as scattering bodies. Moreover, this correction 
should be performed differently in different flame regions, because tem- 
perature changes, for example, can modify the particle dimensions and 
shape. The particle average quantities deduced by the raw LDV data are 
usually affected by the "bias error," 53 and a Standard correction is done 
using the transit time. In the cases discussed here, its amount is not sig- 
nificant and, therefore, the data presented are "as collected." 

F. Representative Results 

Results obtained by LDV investigations on propellant flame structures 
are now reported. Figure 22 shows the behavior of the gas velocity for the 
homogeneous catalyzed propellant denoted as DB5. 47 Zero time corre- 
sponds to the burning surface being in the middle of the probe volume. 
The velocity data identify three distinct regions. The first set of data has 
considerable scattering because the corresponding fizz zone, close to the 
burning surface, features severe temperature and density gradients. As 
already mentioned, this has a great influence on the fringe pattern and 
produces different particle velocities, depending on the particle dimen- 
sions. The second region shows a more uniform structure: the velocity data 
are concentrated around an average value and identify the dark zone. The 
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Fig. 22 Typical result, velocity vs time, of LDV measurements for DB5 
propellant at p = 18 atm. 
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third set contains the data collected in the luminous zone in which strong 
density gradients, possible microturbulence, and difference particle di- 
mensions again produce a large data scattering. Testing of other catalyzed 
DB propellants yielded similar results. 

The velocity data collected testing API composite propellant (see Fig. 
23) show a different behavior. The only visible structure is an increase of 
the velocity close to the burning surface. Since the particles emitted from 
composite propellants are already quite different in size at the origin, every 
attempt to evaluate the thickness of the reactive zone failed due to the 
different particle responses to the velocity gradient. This difficulty is the 
same that disturbs the study of the combustion oscillations by LD V. 44,45 
Propellant samples with "monomodal" AP (of nominal composition 
AP.HTPB/75.25 having 200-(xm AP particle size) produce particulates more 
regular in size and reveal combustion oscillations somewhat easier to fol- 
low, as Fig. 24 emphasizes. This difference would not appear in other 
diagnostic techniques used to study oscillatory combustion (see Chapter 
11 in this volume). 



V. Deduced Gas-Phase Ballistic Properties 

Presently, only DB propellants can reasonably be investigated by LDV; 
applications of LDV to composite propellants are limited. Likewise, due 
to temperature restrictions, Standard microthermocouples can probe to a 
significant extent the gas phase of DB propellants only. In this section, 
data collected by the two techniques are combined and, when possible, 
compared. 
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Fig. 23 Typical result, velocity vs time, of LDV measurements for API 
propellant at p = 10 atm. 
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Fig. 24 Typical resuit, velocity vs time, of LDV measurements for AP:HTPB 
75:25 monomodal propellant (200-pjn AP) at p = 0.1 atm. 



A. Velocity Patterns in the Dark Zone 

Figure 25 pictures the behavior of the dark-zone gas velocity for several 
DB propellants tested, at constant pressure, up to 40 atm. 46-48 The more 
energetic catalyzed compositions exhibit systematically larger u dz (p) values 
and somewhat less pressure dependence. The added catalysts (unknown 
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Fig. 25 LDV measurements of steady gas velocity in the dark zone of DB 
catalyzed propellants (DB3, DB4, and DB5) and noncatalyzed propellant (DB2) in 
the pressure range of 15-40 atm. 
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to the authors) show no influence on the pressure range for which the dark 
zone is detectable by using LD V. 

B. Fizz-Zone Thickness and Temperature 

From the temperature profiles collected through microthermocouples, 
the fizz-zone thickness d iz (p) and fizz-zone temperature T fz (p) can be 
evaluated easily under steady operating conditions. The dependence of the 
fizz-zone thickness on pressure is reported in Fig. 26 for DB5. 35 This figure 
shows that d {z (p), only lightly decreasing with pressure up to 3 atm, strongly 
decreases for higher pressures, reducing to 37.5 |xm at 38 atm. The slope 
of the fitting curve in the portion above 3 atm is very close to 1, revealing 
an inverse proportionality of d tz with pressure. The knowledge of d [z (p) 
can be of fundamental importance when modeling transient flames (see 
Ref. 35 for details, or Chapter 14 of this volume). 

The importance of temperature profiles in the fizz zone is discussed in 
Sec. V.D. 

C. Dark-Zone Thickness and Temperature 

Figure 27 shows that the dark-zone thickness d dz (p), measured by LD V 
tests, decreases with increasing pressure. The values of the overall reaction 




Fig. 26 Fizz-zone thickness vs pressure, by microthermocouple measurements, 
for a catalyzed double-base propellant (DB5). 
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PRESSURE, p, atm 

Fig. 27 Dark-zone thickness vs pressure, by LDV measurements, in the range of 
15-35 atm. Comparison with the flame standoff distance by a TV method (TV) 
and dark-zone thickness by a focused laser beam method (focused laser beam 
attenuation). 



order n 0 , obtained for different DB propellants, are compared with the 
results obtained by Kubota (Ref. 22, p. 101) in Table 6. The dark-zone 
thickness obtained by other nonintrusive diagnostics (focused laser beam 
attenuation 54 ) is also shown in Fig. 27. By measuring the deflection of a 
focused laser beam crossing the flame, this technique allows determination 
of the position of the density gradients. The beam, originally aligned onto 
a photodiode, is deflected when it crosses a region where the refraction 
index changes due to density gradients. The dark zone, being an inductive 
region, has negligible density gradients and, therefore, the signal coming 
from the photodiode has a maximum amplitude. Thus, the dark-zone thick- 
ness is easily measurable. 



Table 6 Overall reaction order in the dark zone, n a , determined from exponents 
of burning rate pressure dependence, n, and dark-zone thickness pressure 
dependence, n d , over the pressure range 15-40 atm 



Propellant 


n 


n d 


n a 


Reference no. 


DB2 


0.80 


-1.76 


2.56 


48 


DB3 


0.52 


-1.17 


1.69 


48 


DB4 


0.54 


-1.26 


1.80 


48 


DB5 


0.51 


-1.76 


2.27 


47 


PNC/TMETN: 










N. 1026 


0.80 


-1.69 


2.49 


22 


N. 1029 


0.45 


-1.96 


2.41 


22 


N. 1031 


0.28 


-2.27 


2.55 


22 
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A series of LDV tests, performed with catalyzed DB propellants differ- 
ently loaded, 48 allows, for example, assessment of the influence of the 
catalysts on characteristic times. Runs were performed up to 40 atm (where 
d dz shrinks to 1.5 mm), because at higher pressures the dark zone gets too 
close to the burning surface. Under these circumstances, as for composite 
propellants, the use of LDV is questionable because gradients nears the 
burning surface are steeper, causing the problems already mentioned in 
Sec. IV. E. 

Finally, notice the wide potential of LDV techniques: t dz (p) is deter- 
mined experimentally by LDV since both d dz (p) and u dz (p) are deducible 
from the same test. Moreover, LDV allows one to determine {u iz {p)) 
because the final velocity value in the fizz zone must recover the dark- 
zone velocity. For details, see Ref. 47. 

The values of T dz for catalyzed and noncatalyzed DB, tested using mi- 
crothermocouples in the pressure range of 5-30 atm, are plotted vs pressure 
in Fig. 28. 35 - 46 - 47 These data show that T dz (p) increases very weakly with 
pressure and that catalysts have no relevant influence on the dark-zone 
energetics. The importance of temperature profiles in the dark zone is 
discussed in Sec._V.D. 

^The values of T dz {p), obtained from u dz (p) assuming a proper value of 
M dz , can be estimated. For DB2 propellant, T dz and u dz were collected 
during the same test, whereas for DB5, they were measured in different 
runs. Just for speculation, Jp make the measured T dz (p) coincide with 
T dz (p) deduced from u dz , M dz must be a function of pressure. For the 
considered propellants, one finds that 

for DB2: 

% dz (p) = 13.6/A 147 



5000 



p 10UU 
«c 




500 

4 10 40 

PRESSURE, p, atm 

Fig. 28 Dependence of the measured dark-zone temperature on pressure for 
catalyzed (DB5) and noncatalyzed (DB2) double-base propellants. 
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for DB5: 

I dz (p) = 47.3/^ 0 - 2 



D. Energetics of the Fizz Zone and Dark Zone 

From the thermal profiles collected by using microthermocouples in the 
fizz zone, and possibly the dark zone, one can work back the detailed space 
structure of energetics prevailing in those portions of the DB flames. 

Temperature profiles in the fizz zone feature a slowly growing shape 
(typical examples are reported in Ref . 47 for DB5 and in Chapter 6 of this 
volume for Soviet homogeneous propellants). These thermal profiles are 
of fundamental importance when modeling volumetric heat-release rates. 
This was done for DB5 propellant in Ref. 47, pointing out the cometlike 
flame structure pictured in Fig. lb. 

Temperature profiles in the dark zone are almost isothermal, confirming 
that this is an induction zone with negligible energy release. 

Since an excellent review of the overall problem is presented by Zenin 
in Chapter 6 of this volume, including a discussion on the required mea- 
surement accuracy and type of microthermocouples (U-shaped instead of 
angle-shaped), no further space is devoted to this matter. 

VI. Conclusions 

Direct testing of burning solid propellants reveals or confirms the im- 
portance of temperature effects on the condensed-phase thermophysical 
properties, whereas pressure effects are marginal overall. Crystalline tran- 
sition of ammonium perchlorate strongly affects thermal profiles in the 
condensed phase and might likewise affect dynamic combustion. For com- 
posite propellants, the activation energy of the burning surface pyrolysis 
is not influenced by aluminum. For double-base catalyzed propellants, the 
determination of the activation energy requires a delicate break of the 
operating pressure range. For all propellants tested, steady surface tem- 
perature increased slightly with pressure. For the reader's convenience, 
the recommended values of thermophysical properties for the solid pro- 
pellants tested in this investigation (several of them being operational in 
current propulsive programs) are summarized in Table 7. 

The traditional microthermocouple techniques still proved to be a very 
important diagnostic tool in solid rocket propellant combustion research. 
The modern laser Doppler velocimetry techniques, although very prom- 
ising, must be properly completed by other diagnostic techniques to be 
fully exploitable. All experiments were performed while simultaneously 
measuring steady burning rates using a nonintrusive technique. 

The.basic message is that, for modeling and understanding of combustion 
under both steady and unsteady operating conditions, thermodynamic 
properties of propellants should be deduced directly, as much as possible, 
from samples burning under the same operating conditions. Since unsteady 
diagnostics is admittedly often prohibitive, at least steady-state properties 
should be measured and properly recovered under transient burning. 
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Table 7 Recommended thermophysical properties for condensed phasc of 
propellants investigated 







Pure AP 


AP/binder 


AP/Al/hindpr 

(18% Al) 


DB 


I 


AP orthorhombic 


0.31 


0.32 


0.32 




1 


AP cubic 


0.40 


a a a 

U. 44 


0.41 


=0.35 


l 


AP linuiH 


0.33 


0.38 


0.37 




1 

J 


1 AP orthorhombic 


1 1 \/ 1 n — 3 
1.1 X 1U 


1 a \/ 1 n — 3 
l.U X lu 


11 vy 1 A - 3 

1.3 X lu 3 




k \ 


, AP cubic 


A C \ / 1 A — 3 
U. 5 X 1U 3 


U. 3 X lu 


n a v/ 1 n — 3 
U. 4 X 1U 


= 1.0 x 10"" 3 


i 


i AP lirmiH 
^/\r iiuuiu 


0.4 x 10~ 3a 


0.3 x 10" 3 


0.4 X 10" 3 






fAP orthorhombic 


1.9 x 10- 3 


1.8 x 10" 3 


2.4 x 10" 3 






1 AP cubic 


0.7 x 10- 3 


0.5 x 10" 3 


0.6 x 10' 3 


«1.5 xl0- 3 




[AP liquid 


0.7 x 10" 3b 


0.5 x 10- 3b 


0.6 x 10- 3b 






fAP orthorhombic 


0.026 


0.024 


0.028 






1 AP cubic 


0.019 


0.015 


0.016 


=0.027-0.030 




[AP liquid 


0.015 


0.013 


0.015 





a Against an estimate of 0.9 x 10" 3 cal/cm-s-K made in Ref. 1. 
b Assumed equal to value found for AP cubic. 
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Chapter 6 



Thermophysics of Stable Combustion Waves 
of Solid Propellants 

A. A. Zenin* 
USSR Academy of Sciences, Moscow, Russia 



Nomenclature 

c, c p = specific heat-capacity coefficients of condensed and gas 

phases, respectively, cal/g • °C 
k, k x = thermal conductivity coefficients of condensed and gas 

phases, respectively, cal/cm • s • °C 
Ki, E, K u , E c = rate constant and activation energy of double-base pro- 

pellant limiting decomposition reaction at T < T* and T 

> T*, respectively 
L = gas-phase zone size 

/ = thickness of propellant thermal layer, |xm 

l m ,L m = characteristic thermal conductivity zone sizes of con- 

densed and gas phases, respectively 
m = mass burning rate, g/cm 2 s 

p = pressure, atm 

P t {x) = probability of occurrence of the value of x within an 

interval / 

Q = heat release in condensed phase, cal/g 

Q g = heat release in gas phase, cal/g 

<2tot = tota l neat release at constant volume in combustion wave , 

cal/g 

q s = heat transfer from gas to solid, cal/g 
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q s 


= 


heat flow (flux) from gas to solid, cal/cm 2 s 


r b 


= 


linear burning rate, cm/s 


Y* 


— 


temperature of double-base propellant limiting decom- 






position reaction change 


T f 


= 


flame temperature, °C 


T s 


= 


burning surface temperature, °C 


T(x) 




temperature of double-base propellant limiting decom- 






position reaction change 


X 




coordinate normal to burning surface, mm, u,m 


X 


- 


surface-level differences within an interval / at the burn- 






ing surface 


A 


= 


expansion coefficient of gas phase, = LIL m 


5 


= 


expansion coefficient of condensed phase, = lll m 




= 


function of <S>(x) in gas near the burning surface 






maximum in gas 






volume tric heat-release rate, cal/cm 3 s 






temperature gradient in gas at the burning surface, °C/ 



cm, °C/|xm 

I. Background 

A. Objective 

r TiHE objective of this chapter is to submit a quantitative outline of 
X thermal processes occurring in steadily propagated combustion waves 
of solid propellants and, where quantitative data are lacking, to point out 
the qualitative peculiarities of the processes. One of the cardinal objects 
is to single out and describe the zones governing the combustion wave 
rate. The description is based on experimentally obtained thermal char- 
acteristics of combustion waves, which motivated the title of the present 
chapter. 

The quantitative data were obtained by specially developed thermocou- 
ple methods for measuring the temperature profiles in the combustion 
waves of solid propellants and the temperatures of burning surfaces, along 
with the methods for measuring other wave characteristics, i. e., radiant 
fluxes toward the surface, structure of the burning surface, and so forth. 
Great efforts were exerted in substantiating these methods. The distribu- 
tion of temperatures in the combustion wave made it possible to derive 
thermal effects in the zones, thermal fluxes, and distributions of heat- 
release rate in the combustion wave. 1 The obtained results are indispen- 
sable for quantitative description of diverse nonstationary phenomena en- 
countered during combustion of propellants. 

This chapter comprises five sections. Section I gives a survey of relevant 
Iiterature and the data demonstrating that combustion of propellants within 
a considerable range of external conditions (pressure and temperature of 
propellant) may be regarded as monodimensional and quasisteady. Section 
II deals with combustion waves in double-base propellants. It lays down 
concrete experimental data, such as profiles of temperature, heat flows 
and volumetric heat-release rates in combustion waves at pressures up to 
150 atm, thermal parameters of zones governing the combustion rate, and 
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other wave characteristics. This section establishes generalized functional 
relationships permitting the calculations of basic parameters of double- 
base propellant zones, including those for pressures above 150 atm. The 
meaning of the wave region governing is discussed. A brief description is 
given of the processes occurring in the reacting layer of the solid-propellant 
phase and in the gas phase. 

Section III is devoted to the combustion waves in ordinary composite 
propellants. It contains concrete experimental data on these propellants 
(profiles of temperature and volumetric heat-release rate in the combustion 
wave), which make it possible to highlight the peculiarities of the physics 
of their combustion. Basic parameters of the zones are given, the wave 
regions governing the combustion rate are defined, and a problem of in- 
teraction of zones in the combustion wave is discussed, along with the type 
of flame and surface structure. Section IV deals with combustion waves of 
complex compositions. It supplies concrete experimental data on complex 
compositions with additions of iron-bearing catalysts or aluminum: 1) pro- 
files of temperature and heat-release rates, and 2) tables of zone param- 
eters. Definitions are given of the wave regions where additions are effective 
and of those that govern the combustion rate. The role of flame radiation 
in propellants with aluminum is investigated. Section V gives a conclusion 
on the obtained results with some consideration of future developments. 

Ali experiments have been conducted in a constant-pressure bomb in 
the atmosphere of nitrogen at a sample temperature of 20°C. The sample 
diameter greatly exceeded the critical one. 

B. Literature Survey 

The investigations of the thermal structure of the propellant combustion 
wave constitute only one part of broader investigations on the mechanism 
of combustion, the latter being dealt with in many literature sources (see 
reviews in Refs. 2-5). 

Investigations of the wave structure, which began in the 1950s and 1960s, 
are distinguished not only by a vast amount of received information about 
wave processes but also because they solve the fundamental, practically 
important problem as to which particular part of the wave governs the 
combustion rate. 

A 100-yr history of research in the combustion of propellants has wit- 
nessed a variety of viewpoints with relation to the mechanism of combus- 
tion. A crucial problem is the nature of the combustion of propellants. 
The most common tendency is to consider that their combustion is mon- 
odimensional and proceeds in layer-by-layer sequences. However, there 
are models assuming that combustion of propellants is fundamentally non- 
stationary: a model of periodic explosions of the thermal layer, 4 5 a model 
of pulsating scattered-point combustion, 6 and so forth. The present chapter 
(see also Refs. 2 and 3) proves that, beginning from certain pressures (at 
p a 2 atm for the overwhelming majority of double-base propellants and 
for many complex compositions with fine-grained AP and at p a 10-20 
atm for many complex compositions with coarse AP), combustion of pro- 
pellants is monodimensional and steady. 
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There was a longstanding dispute in literature as to whether or not there 
is a heat release in the solid phase. Its presence was denied (see, for 
example, Refs. 7 and 8). In this work, the heat release is measured and 
its role emphasized in the combustion process. For many years, some 
authors have considered models that presupposed that the variable tem- 
perature region of the gas phase during propellant deflagration was of a 
conductive size, consisting of a warm-up zone and a very narrow zone of 
chemical reactions located near the maximum temperature. In the absence 
of heat release in the condensed phase, the combustion rate in these models 
is governed by the maximum temperature zone of the combustion wave. 
Here it is argued that the variable temperature region of the gas phase 
during deflagration of both double-base and composite propellants is 
extremely wide and that the combustion rate is affected mainly by the heat 
release in the solid phase and by the low-temperature region of the gas 
phase. The combustion wave of propellants is comprised of several zones, 
which attaches great importance to interaction of these zones and to the 
set of conditions under which this interaction changes (see Refs. 3, 9, 
and 10). 

A great multitude of literary sources deal with various problems of the 
mechanism of combustion of composite propellants (see, for example, 
reviews in Refs. 11-13). This work considers but a few problems of catalysis 
in the combustion of propellants and of combustion of aluminized fuels. 
Here one of the basic problems resides in determining the region of action 
of the catalyst and metal in the combustion wave. There is a multiplicity 
of standpoints concerning the exact part of the wave where the catalysts 
are observed to act (see Refs. 14-20). Similar problems are encountered 
in the case of metallic additions. In the present work, the problem of the 
region of action of various additions to the propellant is solved by com- 
paring the structure of the propellant combustion wave with and without 
an addition. The obtained difference in the parameters of burning zones 
gives unambiguous answers to the posed questions. 

C. Monodimensionality of Solid-Propellant Burning 

A proof of monodimensionality of burning was obtained by analyzing 
the extinguished surfaces of propellants (extinction by a rapid pressure 
drop or by cooling with an inert liquid injected into the burning zone 1 3 ). 
The burning surface is a sharp solid-gas interface. Exemplary linear profiles 
of the surface microrelief of various propellants that have been burning 
under different pressures, obtained by microscopic analysis (true to ± 1 
H-m), are illustrated in Fig. 1. In a general case, the burning process can 
be regarded as monodimensional if surface irregularities are sufficiently 
rare. A convenient reference dimension for finding the size of an irregu- 
larity is the thickness of the thermal layer of the condensed phase. Let us 
find the probability P, of encountering an irregularity of size x on length 
/ and plot a relationship P,(x). Practically, the value of P,(x) is a fraction 
of Hong sections on a linear profile of the microrelief with a height dif- 
ference x in the total number of sections. 
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Fig. 1 Linear profiles of microrelief of extinguished surfaces: a) double-base 
propellant N, p = 10, 20, and 60 atm; b) composite propellants FP and MP. 



Figure 2 shows curves P,(x) for the surfaces of various propellants. It 
can be seen in Fig. 1 that the surface has irregularities comparable in size 
with /, but their share is small, as can be seen in Fig. 2. Indeed, the curve 
P/(x) has its maximum at 0.11-0.15/, which points to the practical mon- 
odimensionality of the processes under consideration. This inference will 
remain unchanged if the reference dimension used is, say, the thickness 
of the reaction zone of the gas phase. 2 Hence, the following results can be 
rightfully analyzed in a monodimensional approximation. 



D. Quasisteadiness of Burning 

The quasisteadiness of propellant burning is demonstrated by analyzing 
a movie produced by microfilming a micro-object coming out of the burning 
propellant surface. 2 The micro-object was constituted by a U-shaped, 5- 
(Am-thick microthermocouple embedded into the propellant and emerging 
from its surface in the course of burning. The dependence of the height 
of the horizontal portion of the thermocouple above the burning surface 
on time for one of the burning conditions (propellant N, 40 atm) is shown 
in Fig. 3. About 10 readings are taken at a distance of /. One can see that 
the burning process is of a nonpulsating nature; the points are arranged 
close to the straight line whose inclination angle tangent is equal to the 
average burning rate. The overwhelming majority of points lie within the 
limits of the Standard deviation from this straight line. The range of quasi- 
steady burning is practically the same as that of monodimensional burning. 

Sections II.A-D describe the results of studying monodimensional non- 
pulsating combustion waves of solid propellants. 
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Fig. 2 Probability P '/(x) of encountering an irregularity of size x on length l — 
dependence on x: a) double-base propellant N, 20 atm; b) composite propellant 
MP, 40 atm. 



II. Combustion Waves of Double-Base Propellants 

A. Experimental Profiles of Temperature, Heat Flows, and Volumetric 
Heat-Release Rate up to 150 atm 

The typical examples of double-base propellants are represented by two 
types, viz., N (58% nitrocellulose, 28% nitroglycerin, 12% dinitrotoluene, 
and the balance being stabilizer and plasticizer) and NB (58% nitrocellu- 
lose, 40% nitroglycerine, and the balance being stabilizer and plasticizer), 
with density of 1.6 g/cm 3 . The investigations were conducted by a micro- 
thermocouple method. 1 - 3 - 21 The following results are quite typical. Similar 
data were obtained for many double-base propellants and for samples of 
nitrocellulose. 1-3 The averaged distributions (profiles) of temperature T(x) 
and volumetric heat-release rate <I>(x) in the combustion wave of these 
propellants are illustrated in Figs. 4-7. 

The system of coordinates is connected with the wave; x = 0 is the 
burning surface, x < 0 the solid propellant, and x > 0 the gas. The pro- 




Fig. 3 Dependence on time for the 
height of a micro-object above the 
burning surface. Double-base 
propellant N, 40 atm. Dashed lines 
represent confidence interval. 
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0 02 0,4 06 Ofl 

Fig. 4 Profiles of temperature T(x) and volumetric heat-release rate <P(x) in 
combustion wave of propellant N, 20 atm, T 0 = 20°C. 

pellant moves through the system of coordinates from left to right. In the 
20-80-atm pressure interval in the gas phase of double-base propellants, 
there are three temperature zones: fizz zone (d) (smoke-gas or aerosol 
zone), induction or dark zone (i) (the region of slightly growing temper- 
ature, 3-5 mm long at 20 atm), and a zone of brightly luminous flame (f). 
At lower pressures, zone f vanishes; at higher pressures, the zones merge 
into one. The values of zone parameters are summarized in Table 1 with 
corresponding explanations in the text. 

As the pressure and burning rate grow, as a rule the size of the zones 
diminishes while their temperature increases. At 50-70 atm, the flame 
temperature 7} reaches a maximum corresponding to the calorific power 
of the propellant, while the surface temperature T s continues growing 
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Table 1 Values of zone parameters of double-base propellants 



Propellants 

N NB 



Pressure p, atm 



Pa ram e t e rs 
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50 
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^c 
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50 
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52 
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2.8 




cal/g 


15 


17 


16 


16 


32 


17 


10 


Q, cal/g 


68 


95 


117 


133 


60 


108 


130 


r d , °c 


1000 


1180 


1250 




1150 


1550 


1750 


r ( , °c 




1300 


1320 






1650 




T f , °C 




1650 


2010 


2060 




2320 


2760 


e„. cal/g 


255 


300 


310 




320 


430 


490 


Q/, cal/g 




180 


290 






300 


480 


G„ cal/g 




480 


600 


610 


310 


730 


970 
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steadily. The available data also point to the growth of T s with the increase 
in the initial propellant temperature T 0 (at p = const). This provides 
support for a conclusion that the burning surface of double-base propellants 
is the decomposition layer of semiproducts rather than the boiling layer of 
volatile components (e. g., nitroglycerine) , since at p = const the boiling 
point is also constant. The absence of transition of nitroglycerine into the 
gas phase at p > 1 atm is also demonstrated by direct measurements in 
Ref. 34. 

The coefficients of thermal conductivity k 1 and specific heat capacity c pl 
of the gas phase in the combustion wave of double-base propellants are 
derived from these formulas (see Ref. 3): 

k x = (0.167VT - 2.67)10~ 4 cal/cm • s • K (T in K) (1) 

c pl = 0.42 - 55/T cal/g • K (T ia K) (2) 

The average specific heat in the thermal layer of the condensed phase 
c = 0.35 cal/g ■ K and its average heat conductivity in the thermal layer 
are 

k = 0.7 x 10" 4 exp(3.377;/1000) cal/cm • s • K (3) 

The typical distributions (profiles) of the density of heat fluxes q in the 
various burning zones of propellant N under different pressures, obtained 
by differentiating the curves T(x) (since q= qm = ^Ti), are presented 
in Fig. 8. It is more convenient to plot curves q(T). The profiles q(T) in 
the thermal layer of the condensed phase are represented by straight lines. 
This follows from the heat conductivity equation for the wave steadily 
propagating through matter; its general form is 

(kT' x )' x - mcT x + *(7) = 0 (4) 




Fig. 8 Profiles of density of heat fluxes qm(T) in combustion waves of propellant 
N: 1-20 atm, 2-50 atm, 30-100 atm. 
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where $>(T) is the function of the heat-release rate and m = r b p the mass 
burning rate. Actually, in the thermal layer, <i>(T) = 0; therefore, we 
arrive at an equation of the straight line: 

(q T )' - mc = 0 (x < 0, c = const) (5) 

It can be seen from Fig. 8 that, near the surface, approaching T s (shown 
by arrows) the flux q begins falling [this portion of curve q{T) is shown 
by dotted lines because the exact shape of the curve is unknown due to 
lack of accuracy]. Deviation from the straight line or, more accurately, 
falling of q is evidence of heat release in the surface layer of the propellant. 
The profiles of the volumetric heat-release rate <&{x) in the wave are ob- 
tained from the averaged experimental curves T(x) according to Eq. (4). 

As a rule, this equation is expressed in the form of finite differences so 
that the values of $(x) are found step by step. 23 - 2122 Currently, curves 
<P(x) are calculated on electronic computers using a special program. 23 In 
the gas phase, the calculation error lies within 20-40%. In spite of double 
differentiating, the error is insignificant because of wide zones. In the 
narrow reaction zone of the surface layer of the condensed phase, the 
profile <P(x) cannot be obtained as a result of lack of accuracy. Estimates 
show that <t>(x) > 0 in the condensed phase and is a few times larger than 
the values of <I> max of zone d. 

In the gas phase (Figs. 4-7), curves $>(x) differ qualitatively from the 
<£>(x) curves in the condensed phase. The condensed phase includes a warm- 
up zone (linear portion of q), where <I> = 0, and a narrow heat-release 
zone (dotted portion of q) with a large <3>. However, in the gas phase, the 
warm-up zone is nonexistent. The heat release starts directly at the surface 
and continues throughout the gas zone (3> being small only in zone i). The 
shape of curves <S>(T) is also unusual (Fig. 9). Evidently, these curves cannot 
be described by a simple Arrhenius dependence. It is shown in Ref. 24 
that the <1> function in zone d is described by this dependence: 

$ = QKp k exp(-m 0 T|) exp(-£/3ir) (6) 

where Qk 0 , k, and m 0 are coefficients, E the activation energy, and t| the 
degree of completeness of reaction (r\ = T — T s /T d - T s ); it is an em- 
pirically determined form. 

B. Zone Parameters: Burning-Rate Control 

Let us elucidate the meaning of the parameters used in Table 1. The 
amount of heat supplied from gas to the solid phase by thermal conductivity 
is determined by the temperature gradient (p, = T' x , the value of <p s being 
determined by the inclination of the T(x) curve near T s at the gas side. 
Heat supply q s (in cal/g) is found from the equation q s = (k^/m)<p s . Heat 
release Q in the reaction layer (heat-release zone) of the condensed phase, 
due to its own chemical reactions, is found by the experimentally obtained 
values of T s , q s , and m from the first integral of Eq. (4): 



Q = c(T s - T 0 ) - q s - q r 



(7) 



(&AIAA 

iLiVbU'ifvaBhriinfBwkmImfy Purchased from American Institute of Aeronautics and Astronautics 

208 A. A. ZENIN 




where q r is the radiant heat supply from gas into the condensed phase, 
which is also measured (see Sec. IV. C; for the investigated ballistite pro- 
pellants, the value of q r compared with q s may be disregarded) . In the 
conditions studied, the values of Q are 60-150 cal/g. Q grows with an 
increase in pressure. It is important that Q is 5-10 times larger than q s . 
The amount of heat release in zones d and f can be found by using equations 
similar to Eq. (7) (see values of Q d and Q f in Table 1). 

To locate the region of the wave that governs the burning rate, it is 
necessary to ascertain whether each reaction zone is narrow or wide. The 
size of the narrow zone approaches the conductive size or is even smaller, 
whereas the wide zone is, on the contrary, much larger than the conductive 
size of the given zone. It is very important that this problem be clarified 
since, in the case of a narrow reaction zone, its propagation rate is governed 
by the region of the maximum temperature of this zone, whereas in the 
wide zone, its rate is determined mostly by the region of initial temperature 
of this zone. Let us consider the zone of reactions in the solid phase. The 
dimensions of the thermal layer / are given in Table 1. They are determined 
as the distance on the temperature profile from T s to T x = (T s - T 0 ) ■ 
l/e + T 0 . References 1, 2, and 25 demonstrate experimentally that the 
conductive size of the condensed phase approaches 1. Therefore, the thick- 
ness of the reaction layer of the condensed phase /* <§; /, and the reaction 
zone of the condensed phase is narrow. 

It is quite different with the gas phase. The conductive sizes of zones d 
and f, determined by the formula L m = &i/(c pl m), prove to be much smaller 
than their sizes L d and L f . Table 1 summarizes the values of the relationship 
A = LJL m for zone d (at p > 80 atm for the entire gas zone). It is clear 
that A = 10-70; i. e., zone d of the gas phase (at p > 80 atm — zones d 
and f) is wide. This means that the propagation rate of this zone is controlled 
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mostly by its low-temperature portion. For the propellants under consid- 
eration, this is the region from T s to 700-1000°C. In Refs. 2 and 26, this 
was proved experimentally: by convective heat losses the temperature T d 
was reduced —200° without perceptible reduction of the burning rate of 
the double-base propellant. 

Theoretically, it can be easily shown that the burning rate in the wide 
reaction zone is mostly affected by the low-temperature portion of this 
zone. Solving the heat-conductivity equation [Eq. (4)] in the gas phase for 
<p = T' x for the x interval from 0 to °°, we obtain 



where Q g is the heat release in the gas phase. It can be seen from Eq. (8) 
that, when <J> propagates over distances exceeding L m (this is just the wide 
reaction zone), then at x > L m the contribution of O to the integral and, 
consequently, the effect on m drop sharply. The peculiarities of the shape 
of <t> (see Fig. 9) still increase this drop. The strongest influence on m in 
Eq. (8) is exerted by <t>, evidently at small values of x, which was to be 
proved. 

Thus, the burning rate of double-base propellants is controlled by the 
joint action of heat release in the reaction layer of the condensed phase 
and heat transfer from the low-temperature portion of the gas phase. 
In this case, the effect of the solid-phase heat release is certainly by far 
higher, since heat release in the condensed phase is substantially stronger 
than the heat supply from gas. However, this must not lead to a conclusion 
that heat supply from gas q s can be neglected, because elimination of q s , 
as shown by estimates, will reduce the rate 1.5-3 times. It should also 
be borne in mind that there are phenomena, e. g., increase of burning 
rate during blowing of the burning surface, when the increased burning 
rate (as shown in Ref. 27) is attributed wholly to increased heat supply 
from gas. 

C. Generalized Functional Relationships of the Main Parameters 

Plotting the known data of the dependence of T s on m for all of the 
investigated propellants on a single chart convincingly demonstrates the 
existence of a common relationship T s = f (m) for all of the known double- 
base propellants and nitrocellulose (see Fig. 10). The equation of the com- 
mon relationship 1,3 is 



Equation (9) points to the existence of a common macrokinetics limiting 
the reactions in the reaction layer of the condensed phase for these pro- 
pellants. 28 Indeed, setting the function of the heat-release rate in the re- 
action layer of the condensed phase in the form of <I> C = Q*r\ s k 0n (1 - 
r\)" exp(- E c f3lT) (see equations below) and solving the heat-conductivity 






(9) 
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Fig. 10 Common relationship of surface temperature T s to mass burning rate m 
for ballistic propellants. Dashed lines represent confidence interval. 



equation [Eq. (4)] for the characteristic values with the previously 
mentioned <$> c , and assuming that n = 0 and 1, we obtain (see Refs. 2, 3, 
and 28): 

When n = 0: 

m Q- E c 1 + 2qJQ 6XP V (1U) 

When n = 1: 

2 kpVlT*^ ( E c \ .... 

m -p^v^^vm 

Here E c is the energy of activation of the limiting process in the reaction 
layer of the condensed phase, k m and k 01 the effective pre-exponential 
multipliers of the zeroth and first orders, Q* the complete thermal effect 
of reaction in the condensed phase (Q* = 0.17<2 tot , where Q lot is the 
calorific power of the propellant), and r\ s the completeness of reaction in 
the condensed phase (Q = Q*r\ s ). 

The experimental data (see Table 1) can be fairly accurately placed on 
single straight lines (see Refs. 2 and 28) in coordinates f m {mQIT s ) V[l - 
(2q s /Q)] vs 1IT S for n = 0 and in coordinates /k(mQIT s ) vs 1/T S for n = 
1 . It follows from the preceding that the ballistite propellants have common 
macrokinetics of the limiting stage that determine the gasification rate of 
the condensed phase. Processing the data by the method of least squares 
has shown that, regardless of n ( = 0 or 1), E c = (21 ± 1) kcal/mole and 
£oo = (5i|, 5 ) x 10 9 , l/s; k m = (8t|) x 10 9 , l/s. 
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The experimental data on heat release Q in the condensed phase can 
also be represented in the form of a universal dependence, identical for 
all of the ballistite propellants 24 (see Fig. 11). Analytically, this dependence 
can be expressed as 

G/Gtot = 0.17 - 0.103 exp(-0.02/?/V^) (p in atm; r b in cm/s) (12) 

It can be seen from Eq. (12) that Q is proportional to the calorific power 
of propellant, the proportionality factor being the function of pl\/r b . At 
higher pressures Q -> 0.17Q tot (the limiting value of Q is equal to Q* , as 
mentioned earlier). 

The fundamental merit of the obtained empirical generalized laws [Eqs. 
(9) and (12)] lies in the possibility of calculating the thermal balance of 
the condensed phase of ballistite propellants without experimental inves- 
tigation of the thermal structure of zones by referring only to the external 
parameters (r b , p). Indeed, knowing r b , p, and Q tot , it is not difficult to 
determine T s and Q from Eqs. (9) and (12) and the value of q s from Eq. 
(7). It is particularly essential to be able to calculate Q and q s under unusual 
burning conditions when experimental determinations of Q and q s are very 
difficult, e. g., during erosive deflagration. It is noteworthy that in this 
case — erosive combustion — (as shown in Fig. 11) the growth of the burn- 
ing rate always goes together with a certain reduction of Q in spite of the 
increasing T s . Another merit of the universal dependence is the explanation 
of a well-known fact that the higher energy propellants usually burn at a 
higher rate. This can be explained by an obvious order of dependencies: 
r b ~ T s ~ Q ~ <2tot (f° r more details, see Ref. 24). 

At high pressures, the structure of the burning zone in the gas phase is 
simplified, and there remains but one reaction zone for which the function 
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of <t>(x) becomes particularly simple (see Ref. 29): 
$ = <I> m exp[-<S> m (x/Q g m)} 



(13) 



where 3> m is the maximum value of <I> at x = 0 (on the surface) and Q g 
- Gtot ' (cjcp) — Q- This enables the profiles T(x) and <&(x) to be cal- 
culated by using the universal dependencies of Eqs. (9) and (12). (It is 
assumed that these dependencies can be extrapolated into the high-pressure 
region and that the dependence of p(r b ) is known.) To calculate the profiles 
T(x) and <&(x), it is necessary to use the values of r b and p for finding the 
parameters T s , Q, and q s , whereas the relationship $ m = cm 2 qjk u which 
is true for wide zones, is used to find the expression for <&(x) from Eq. 
(13). The profile T(x) will have, obviously, the following form: 



Evaluations for propellant N demonstrate that, as p grows from 100 to 
1000 atm, T s increases from 450 to 650°C. Q grows from 133 to 136 cal/g 
at 300 atm, then stays constant, whereas q s grows monotonically from 16 
to 90 cal/g at 1000 atm. At the same time, the length of the reaction zone 
in the gas drops from 500 to 20 (xm (see Ref. 29). 

D. Processes in Burning Zones 

The sequence of chemical processes occurring in the reaction layer of 
the condensed phase during combustion of ballistite propellants can be 
ascertained if we establish the cause of the difference between the previ- 
ously established energy of activation E c in combustion and that habitually 
obtained during thermal decomposition of these propellants E = 40-50 
kcal/mole (see, for example, Refs. 30-32). For this purpose, let us plot 
the rate constants of chemical reactions (group /C,) obtained during thermal 
decomposition and ignition and the constants obtained above K n = k m 
exp(- E c l<3lT s ) for ballistite propellants (see Fig. 12) in coordinates /kK n 
vs l/T; the thick straight line / n K n = /(1/7) is drawn by the method of 
least squares. Its equation is K u = 8 x 10 9 exp( -21,000/917), l/s; the 
dot-dash line is the confidence (rms) interval. The region of the values of 
points K t is hatched. The values of X t are obtained mainly for vacuum. 
However, with the growth of pressure, K r grows too. The values of K n 
are obtained at high pressures (10-150 atm). Therefore, to ensure con- 
gruent conditions, the straight line A/Cj = f(l/T) is drawn along the upper 
boundary of the hatched region. Its equation is K Y = 10 21 exp(48, 000/91 T). 
We can see, from Fig. 12, 3 that the straight lines /*K n and log Kj intersect 
at point T* — 250°C, so that at T < T* a slower reaction is the one having 
a rate constant K u whereas at T > T* it is the one having a rate constant 
K n . In this connection, it is worthwhile recollecting the well-known mul- 
tiple-stage nature of decomposition of nitroethers, the first stage of this 
decomposition being split off of the N0 2 group. K Y corresponds only to 
the first stage. 




(14) 
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Fig. 12 Dependence on l/r of reaction constant-rate logarithms of various stages 
of chemical processes in condensed phase of ballistic propellants: K t — rate 
constants of chemical reactions obtained during thermal decomposition and 
ignition; K u — rate constants of chemical reactions in condensed phase of burning 
propellants; K ox — rate constants of oxidation in condensed phase of decomposition 
products (A, B, C, D) of nitroethers with aid of N0 2 ; T* is temperature of change 
of the limiting stage. 



A natural inference is that K n corresponds to a group of reactions fol- 
lowing the first stage. Then the arrangement of straight lines (»Ki and A 
K n in Fig. 12 means that the velocity of the process of decomposition in 
the thermal decomposition region (T < T*)is limited by stage K t , whereas 
in the region of temperatures T s it is limited by stage K u . Thus, the change 
in the energy of activation during transition from region T < T* to region 
T > T* is accounted for by the change of the limiting stage at r*. Ap- 
parently, the group of reactions K u corresponds to highly exothermic re- 
actions of oxidation in the condensed phase of the semiproducts of propellant 
decomposition, with the aid of N0 2 formed in the first stage and contained 
in the reaction layer. This is indicated by the position of straight lines K ox 
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corresponding to oxidation in the condensed phase of the products of 
decomposition of nitrocellulose (A, B, C, D) with the aid of N0 2 . 33 Indeed, 
continuation of K ox into the region of temperatures T s produces the values 
of constants approaching K u . 

Now we can visualize the sequence of processes in the reaction layer of 
the condensed phase. Wide differences in the dependence of K Y and K u 
on temperature will cause a spatial separation of reactions K Y and K u in 
the region of the reaction layer due to a large temperature gradient. The 
temperature rise of the reaction layer will first be marked, mainly, by the 
N0 2 breakaway reactions, whereas later, i. e., at the surface, the oxidation 
reactions will be predominant. We have not yet received a direct experi- 
mental corroboration of this structure of the reaction layer, though mass- 
spectrographic measurements 34 have shown that N0 2 actually reacts only 
in the condensed phase, which provides support for the suggested model 
of the process. 

A wide reaction zone in the gas phase is caused by the spreading of heat 
release throughout the phase. This is due to wide variations in the chemical 
stability of the substances formed by decomposition and leaving the surface 
of propellant, said substances burning out one after another. The mass- 
spectrometric measurements 34 also testify the presence of chemical reac- 
tions throughout the zone of varying temperatures in the gas phase, i. e., 
these actually confirm the absence of the "pure" warm-up zone in gas. 
There are also some additional considerations (see Refs. 2 and 3) that link 
the processes occurring in the gas phase with the nonactivated reactions 
in the suspension of particles (soot and propellant) burning under diffusion 
conditions. Precisely such heterogeneous reactions produce a characteristic 
structure of curves q(T) in Fig. 8. 

III. Combustion Waves of Composite Propellants 

A. Experimental Profiles of Temperature and Volumetric Heat-Release 
Rate up to 150 atm 

Submitted here are the results of studying the combustion waves of 
composite propellants consisting of a binder and an oxidant, i. e., AP. The 
typical representative substances were 1) propellant FP (AP, particle size 
< 250 (xm, and polyformaldehyde, particle size 2 |j,m; stoichiometric re- 
lation 76:24); 2) propellant MP (AP, particle size 4 |xm, and polymethyl- 
methacrylate, particle size 8 u,m; oxidant surplus coefficient a = 0.6); and 
3) propellant GP (AP, particle size <50 |xm and 100-350 u,m, and poly- 
merized rubber, a = 0.6). The typical (averaged) profiles T(x) and <t>(x) 
appear in Figs. 13-15. It can be seen that the gas phase always consists of 
a single zone. 

The use of coarse AP in propellants FP and GP produces two effects, 
i. e., pulsations of temperature (±50-100°C around the average profile) 
and a delayed section of a slow temperature growth at the end of the 
profile. The first effect reflects the space-time heterogeneity of combustion 
of the system with coarse AP, whereas the second one reflects long after- 
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Fig. 13 Profiles of temperature T(x) and volumetric heat-release rate <P(x) in 
combustion wave of composite propellant FP: 1-25 atm, 2-45 atm. 




Fig. 14 Profiles of temperature T(x) and volumetric heat-release rate <t>(x) in 
combustion wave of composite propellant MP: 1-5 atm, 2-30 atm, 3-60 atm. 
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Table 2 Values of zone parameters of composite propellants 

Propellants 

FP MP GP 



Pressure p, atm 





25 


45 


5 


30 


60 


5 


20 


40 


100 


r, cm/s 


U. JJ 


a qo 


a a 
U. 4 


U. O 


U. / 


U. Z 


A 11 

U.3Z 


U. 40 


A Q^ 


m, g/cm 2 


n o 
u. y 




U. DO 


L.iZ 


i.io 


A 1 A 

U. 34 


A £ A ^ 


A ~1Q 

U. /5 


1 .43 


T„ °C 


630 


680 


400 


650 


700 


400 


450 


500 


530 


<p, x 10" 5 , °C/cm 


1.5 


2.5 


1.4 


1.9 


5.5 


0.7 


1.2 


1.5 


1.9 


L, p.m 


150 


100 


120 


100 


40 


200 


150 


120 


80 


A 


15 


15 


12 


20 


7 


10 


12 


14 


17 


/, txm 


35 


30 


30 


27 


36 


60 


46 


36 


30 


8 


1.5 


2.0 


1.0 


1.8 


2.1 


1.0 


1.2 


1.4 


2.1 


q s , cal/g 


28 


35 


27 


26 


92 


30 


38 


32 


20 


Q, cal/g 


234 


250 


124 


246 


207 


121 


135 


164 


184 


T f ,°C 


2400 


2500 


1800 


2000 


2000 


1900 


2400 


2400 


2400 


tp s , kcal/cm 3 s 


54 


136 


33 


91 


230 


8.5 


23.5 


42.0 


104 
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Fig. 15 Profiles of temperature T(x) and volumetric heat-release rate <&(x) in 
combustion wave of composite propellant GP: 1-5 atm, 2-40 atm, 3-100 atm. 

burning time in gas of coarse dispersed particles of AP. These effects are 
nonexistent in the MP propellant with fine AP. The type of binder exerts 
but a small influence on the shape of T{x) curves. The sizes of the gas- 
phase zones in the composite systems diminish with the pressure rise while 
the temperatures grow (see Table 2). The completeness of combustion is 
attained at 15-20 atm. The profiles <5(x) in Figs. 13-15 reflect these pe- 
culiar features of combustion in the systems with different AP particle 
sizes. 

B. Zone Parameters: Burning-Rate Control 

The surface temperatures T s of composite propellants are shown in Table 
2. For propellants with fine AP, T s has the same meaning as in the case 
of double-base propellants. The burning surface of propellants with coarse 
AP at low pressures (< 20 atm) has a complex structure (see Sec. III. D); 
in this case, Table 2 gives maximum values of T s . One can conclude from 
Table 2 that the values of T s increase with the growth of p, and the level 
of T s is higher than that of the double-base propellants, reaching 600- 
700°C. The values of thermophysical constants of composite propellants 
in this section and of complex compositions in Sec. IV are summarized in 
Table 3. The heat supply q s from gas into the condensed phase was found 
by using the formula q s = {k x lm) (p s , and the thermal effect in the condensed 
phase was determined from the formula [cf. Eq. (7)] 

Q = c(T s - T 0 ) - q s - q r + q* (15) 

where q* is the heat of phase transformation into AP at 240°C. For the 
investigated propellants, q* = 14-15 cal/g. 
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Table 3 Values of coefficients of the thermal conductivity £, (cal/cm-s°C) and 
specific heat capacity c pl (cal/g°C) of the gaseous products of composite 
propellant burning 



Composite propellants 





l^r^f^fti fi a rrfc 


rr, M r 
MPP 


/T) i)T">/" " i 

Or, rrCl 
pp pppo 

r r , rr ^z. 


rrAl 


FPA? 


300 


fc, x 10 4 


1.2 


i.i 


1.3 


1.45 




c w 


0.310 


0.297 


0.300 


0.290 


600 


k, x 10 4 


1.75 


1.65 


1.9 


2.0 




c pi 


0.345 


0.332 


0.333 


0.320 


900 


k x x 10 4 


2.4 


2.2 


2.55 


2.65 




c pi 


0.376 


0.352 


0.355 


0.345 


1200 


k, x 10 4 


3.1 


2.8 


3.2 


3.4 




c pi 


0.404 


0.368 


0.372 


0.354 



The values of q s and Q are given in Table 2. The values of Q are 
essentially positive. They are higher than in ballistite propellants, partic- 
ularly at high pressures. The extent of the zones is also given in Table 2. 
The thickness of the thermal layer of the condensed phase within the range 
of steady nonpulsating combustion approaches the conductive size, i. e., 
just as in the double-base propellants, the condensed phase of composite 
propellants is characterized by a narrow zone of chemical reactions. The 
values of A in the gas phase are high (A = L/L m , L m = k^lc pX m), which 
points to the presence of wide reaction zones. Thus, control of the com- 
bustion rate in the considered composite propellants, as in double-base 
propellants, is affected by the reactions in the reaction layer of the con- 
densed phase and by the low-temperature reactions in the gas phase. Heat 
release Q in these propellants plays an even more significant role in the 
formation of the combustion rate (due to high absolute values of Q) than 
it does in the double-base propellants. 

C. Interaction of Propellant Combustion Wave Zones 

Investigation in Refs. 9 and 10 of the interaction of narrow reaction 
zones separated by warm-up zones has revealed the existence of a leading 
stage that can belong to different zones under different outside conditions. 
It was shown in Sees. II. B and III. B that the combustion rate in the double- 
base and composite propellants is always governed by a narrow reaction 
zone in the condensed phase and by the adjoining wide reaction zone of 
the gas phase. The interaction of such a system has been considered in 
Ref. 3, where it was argued that no changes of outside conditions can 
possibly alter the zone interaction. This has been proved experimentally 
in Ref. 3 for double-base propellants. 
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D. Type of Flame: Structure of Surface 

One of the reasons the gas phase in the composite propellants is not 
divided into zones is because the products of binder gasification and the 
AP decomposition products are mixed in the gas phase long before the gas 
temperature reaches its maximum T f . In other words, for the pressures 
considered here the flame of the composite propellants is essentially the 
flame of premixed gases. Indeed, the path of mixing L 0 of AP decompo- 
sition products with the binder pyrolysis products is L 0 = lOmhl (see Ref . 
35), where m is in grams divided by square centimeter per second, and h 0 
(thickness of the AP) and L 0 are in centimeters. We can conclude from 
the data of Table 3 that, for the AP particles whose size is h 0 s 100 u-m, 
the distance L 0 <^ L, which brings us to a conclusion about the preliminary 
mixing of decomposition products if one bears in mind that the AP particles 
exceeding 100 u.m in size are a very rare occurrence in propellants, com- 
pared with smaller particles. A similar conclusion is drawn in Ref. 36. 

The structure of the surface of a composite system with coarse AP (a 100 
fxm) is rather complicated due to dissimilarity of the macrokinetic char- 
acteristics of AP and the binder. Among other things, the temperatures 
T s of coarse AP crystals and binder are different. Exploration of this prob- 
lem proves that at p < 10-30 atm, 7" jAP > T s of the binder, and the large 
AP crystals stand out above the surface of the binder, whereas at p > 10- 
30 atm, the effect is opposite. At high pressures, the difference between 
the binder and AP levels is small, whereas at p £ 10 atm, this difference 
is so serious that it results in multidimensionality of the combustion process. 
This is evidenced by the shape of function P,{x) obtained by processing 
the data on the microrelief of the surface (see Sec. I. C) of FP propellant 
(with coarse AP) extinguished at 1 atm (see Fig. 16b). 

One can see that P, (x) has two maximum values. The first maximum 
corresponds to surface irregularities of the binder and AP crystals, whereas 
the second one shows how high the AP particles protrude above the surface 
of the binder. The position of the second maximum corresponds to x — 




Fig. 16 Linear profiles of the microrelief of the extinguished surfaces and 
functions P,(x) for composite propellants at 1 atm: a) propellant MP (with fine 
AP); b) propellant FP (with coarse AP). 
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0.5/, which points to a perceptible multidimensionality of the process. 
Therefore, all of the data pertaining to the systems with coarse AP at these 
pressures are of a qualitative nature. For the propellants with fine AP, we 
have observed intensive interaction of the decomposition processes of AP 
and binder, resulting in levelling out of the surface. Combustion of these 
propellants is unidimensional already at 1 atm (see Fig. 16a). To conclude, 
it should be noted that such general laws for the main zone parameters, 
as have been found for double-base propellants, currently are not available 
for composite propellants. 

IV. Combustion Waves of Complex Compositions 

The modern composite propellants are complex compositions consisting 
of various catalysts and metal additions that govern the combustion rate 
and improve the calorific power of propellants. 11 Combustion of such com- 
plex systems can be more conveniently studied by gradual complication of 
their composition. Therefore, this section deals with the combustion waves 
of composite propellants — first with catalysts added (Sees. IV. A and IV.B), 
then with addition of aluminum powders (Sees. IV. C and IV. D). 

A. Experimental Profiles of Temperature and Volumetric Heat-Release 
Rate of Catalyzed Compositions 

Catalytic additions 37 ' 38 were two iron-bearing catalysts: ferric oxide (Fe 2 0 3 ) 
and ferrocene. The partiele size of Fe 2 0 3 is 5 |xm; that of ferrocene, 1 |xm. 
We have explored these compositions: MPC (composition MP +1% Fe 2 0 3 
by weight); PPC1 (composition PP + 1% Fe 2 0 3 ); and PPC2 (composition 
PP + 3.8% ferrocene). The MP composition has been investigated in Sec. 
III, and composition PP is a polymer binder with AP of bimodal dispersity 
(see composition GP in Sec. III). The main parameters of the zones are 
given in Table 4, and the approximate profiles of T(x) and <&(*) for MPC 
and PP propellants at 60 atm are shown in Fig. 17. 

B. Effects of Catalysts: Burning-Rate Control 

It can be seen from Table 4 for MPC and MP propellants that intro- 
duetion of the catalyst Fe 2 0 3 1) reduces the gradient <p s , heat supply q s , 
and flux q s ; 2) increases heat release Q in the reaetion layer and the thermal 
flux into the depth of the condensed phase Q_ - m; and 3) does not change 
the heat-release rate in gas at the surface <l> g = mc pl ip s . From the tem- 
perature profiles in the condensed phase, it can be seen that the intro- 
duetion of the catalyst broadens the thermal layer in the condensed phase 
approximately twice. Ali of this points undoubtedly to the reaetion layer 
of the condensed phase as the point of basic aetion of the catalyst. 

Notice that all four inferences are made independently, because they 
are based on measurements of four independently determined values: m, 
<p s , T s , and l. The same deduetion about the point of aetion of the catalyst 
is made by comparing the time of stay of Fe 2 0 3 partieles in the gas and 
condensed phase found by the experimental dimensions of the zones (Fig. 
17). It has been shown in Refs. 2 and 28 that 1) the time of stay of Fe 2 Q 3 
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Table 4 Values of zone parameters of catalyzed compositions 



Pressure p, atm 

18 30 60 40 



Propellants 



Parameters 


MP 


MPC 


MP 


MPC 


MP 


MPC 


PP 


PPC1 


PPC2 


r b , cm/s 


0.55 


0.70 


0.8 


1.4 


0.7 


1.44 


0.56 


0.96 


1.0 


m, g/cm 2 s 


0.91 


1.15 


1.32 


2.30 


1.15 


2.38 


0.92 


1.58 


1.65 


T„ °C 


500 


500 


650 


700 


700 


700 


600 


600 


600 


<f„ °C/(im 


25 


20 


19 


12 


55 


25 


6.3 


9.3 


6.2 


8 


1.3 


4.0 


1.8 


5.5 


2.1 


3.5 








q s , cal/g 


40 


25 


26 


10 


92 


21 


12.4 


9.9 


6.9 


Q, cal/g 


157 


173 


246 


290 


207 


278 


147 


150 


152 


<f>£, kcal/cm 3 s 


81 


83 


91 


100 


230 


210 


16.2 


42.7 


29.7 
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Fig. 17 Profiles of temperature 
T(x) and volumetric heat-release 
rate <b(x) in combustion wave of 
compositions MPC (2) and MP 
(1) at 60 atm. Effects of catalyst. 
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particles in the reaction layer of the condensed phase is two orders longer 
than in the zone of variable temperature of the gas phase, and 2) the 
catalyst surface in the reaction layer of condensed phase has time to make 
full contact with the medium while in gas, only with 1% of the medium. 

As a result, the action of Fe 2 0 3 in the MPC system acquires the following 
pattern. The catalyst produces a relatively thick reaction layer on the sur- 
face. Being embedded into the pores of this layer, Fe 2 0 3 particles catalyze 
the gas-phase reactions, contributing to faster gasification of the condensed 
phase. The relatively long stay of the particles in the reaction layer of the 
condensed phase is caused by their attachment in this layer; they pass 
through this layer at the combustion rate of the condensed phase. Breaking 
off from the surface, the Fe 2 0 3 particles pass quickly throughout the bulk 
of the gas phase, virtually exerting no influence on the latter. Therefore, 
the speed of matter processing in gas lags behind the increased gasification 
speed of the condensed phase, and flame moves away from the surface, 
thus reducing the gradient <p s and heat input q s . 

The comparison of zonal parameters of compositions PPC1 and PPC2 
with PP (see Table 4) demonstrates that introduction of Fe 2 03_and fer- 
rocene in this case 1) reduces q s , 2) increases Q, and 3) increases €> g . Thus, 
here the catalysts operate both in the reaction layer of the condensed phase 
and in the gas. However, the increase of <P g does not entail the growth of 
heat input from gas into the condensed phase, which means that the com- 
bustion rate increases only due to an increase in Q, i. e., due to operation 
of the catalyst in the reaction layer of the condensed phase alone. The 
increase of <P g for PPC2 propellant is explained by fine dispersity of fer- 
rocene, which allows it to come in^ontact with a considerable proportion 
of the gas phase. The increase of <P K for PPC1 is due to the fact that the 
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burning PP propellant produces carbonaceous filaments, which can detail 
the Fe 2 0 3 particles and thus extend considerably their stay in the gas phase. 
Thus, in compositions PPC1 and PPC2, the region of action of catalysts 
resulting in a higher combustion rate lies in the reaction layer of the con- 
densed phase. 

It is appropriate here to make a few remarks. It is evident from Table 
4 that while changing the combustion rate, the catalysts do not affect T s . 
This points to a change in the macrokinetics of the surface decomposition 
of propellants upon introduction of a catalyst. Investigations prove that 
the microrelief of the surface suffers no substantial changes after intro- 
duction of catalysts. Only a certain accumulation of catalyst particles is 
observed on the surface, particularly on the surface of AP crystals. Finally, 
it is pointed out that the term "catalysts" is not quite accurate when applied 
to the cited additions. It is known that ferrocene decomposes readily in 
the combustion wave, whereas ferric oxide is partly reduced. 20 

C. Experimental Profiles of Temperature and Volumetric Heat-Release 
Rate of Aluminized Compositions: Field of Radiant FIuxes in Flame 

This section submits the results of investigation of the effect of aluminum 
powder additions to FP propellant. The powder used was either polydis- 
persed, d w = 17 (xm (grade ASD), or finely dispersed with the maximum 
at 0.2 |xm on the size distribution curve (grade M). Addition was made by 
weight, above 100%. The investigated compositions were FPA1 (FP pro- 
pellant with 10% ASD), FPA2 (propellant FP + 20% ASD), and FPA0 
(FP propellant + 10% M). Typical distributions of T(x) and <P(x) over the 
combustion zones of these compositions at 45 atm (and comparison with 
the distribution of the metal-free base composition FP) are given in Figs. 
18 and 19. The zonal parameters of these compositions are given in Table 
5. A peculiar feature of aluminized propellants is the intensive radiant 




Fig. 18 Profiles of temperature T(x) and volumetric heat-release rate <1>(jc) in the 
combustion wave of compositions FP (1), FPA1 (2), FPA2 (3) at 45 atm. Effects 
of the amount of aluminum. 
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Fig. 19 Profiles of temperature T(x) and volumetric heat-release rate <t>(x) in 
combustion wave of compositions FP (1), FPA1 (2), FPAO (4) at 45 atm. Effects 
of particle size of aluminum. 



Table 5 Values of zone parameters of aluminized compositions 



Pressure p, atm 

25 45 



Propellants 





FP 


FPA1 


FP 


FPA1 


FPA2 


FPAO 


Parameter 


(10% ASD) 




(10% ASD) 


(20% ASD) 


(10% M) 


m, g/cm 2 s 


0.91 


1.06 


1.36 


1.43 


1.43 


1.57 


T s , °C 


630 


630 


680 


700 


700 


700 


ip s , °C/(i,m 


15 


30 


25 


50 


22 


61 


S 


1.5 


1.5 


2.0 


2.0 


1.5 


1.0 


q s , cal/g 


30 


56 


35 


73 


34 


82 


k 0 (ir/rn), cal/g 


2.2 


14.5 


2.4 


16.7 


22 


10 


Q, cal/g 


227 


186 


255 


206 


236 


206 


q, % 


12 


24 


13 


27 


13 


30 


w u % 


0.8 


6. 


0.8 


6 


9 


4 


lp g , kcal/cm 3 s 


51 


112 


126 


250 


107 


335 
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fluxes in the flame due to a sharp increase in temperature and emissive 
power upon introduction of aluminum into the composition. The radiant 
fluxes have been measured with specially devised light microcalorime- 
ters. 2 39 These measurements have demonstrated that the radiation field 
in the flame of compositions with aluminum is homogeneous and isotropic, 
and the emissivity factor of the burning aluminum particles is e = 0.13- 
0.15 at 50 atm. 2 - 40 - 41 

The densities of radiant fluxes n, (cal/cm 2 • s) directed toward the com- 
bustion surface are specified in Table 6. It can be seen that introduction 
of aluminum intensifies considerably the radiant flux: an addition of 10% 
ASD at 45 atm increases ir 1 more than four times; addition of 20% ASD 
increases it fives times. A drop of tt 1 after addition of 30% ASD should 
be attributed apparently to shielding of the combustion surfaces by liquid 
aluminum, whereas a reduction of tt 1 in the FPA0 composition as compared 
with the n-j of composition FPA1 can be due to the fact that the length of 
the radiation wave emitted by the burning aluminum particles in the max- 
imum of Planck's distribution is noticeably smaller than the size of particles 
of aluminum, grade M. It is likewise evident that the values of tr 1 rise 
quickly with increased pressure, increasingly so when the aluminum content 
in the composition is increased. 

D. Zone Parameters and Function of Aluminum Addition: Burning-Rate 
Control 

Let us explain the definitions of values in Table 5. The density of radiant 
flux received by the condensed phase A^n-j (cal/cm 2 s) comprises the integral 
absorption coefficient of the burning surface ko, which is 0.4 for aluminum- 
free composition, 0.7 for the composition with 10% aluminum, and 0.8 
for the composition with 20% aluminum. The data in Table 5 indicate that 
introduction of 10% aluminum increases heat input by radiation i^n^m 
from gas to the condensed phase by an order of magnitude. The heat 
release in the reaction layer of the condensed phase has been derived from 



Table 6 Densities of radiant fluxed tt, (cal/cm 2 s) directed toward 
combustion surface 



Pressure p, 
atm 



Propellants 5 45 100 275 

FP — 8 ~^ 

! ':' + 10% ASD 12 34 52 72 

FP + 20% ASD — 40 — — 

FP + 30% ASD - 30 — 112 

FP + 10% M — 23 — — 
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the formula 

Q = c(T s - T 0 ) - q s - £ 0 - + q* + <f* (16) 



where q* = 19.4 x 0.76 = 15 cal/g = heat of AP phase transition, and 
q** = melting heat of aluminum (at T s > T mchAl ) equal to 92.4« (cal/g), 
(where n = weight fraction of aluminum in the composition). The change 
in the heat capacity of compositions caused by introduction of aluminum 
has been taken into account. The thermal diffusivity of the condensed 
phase was 1.2 x 10" 3 cm 2 /s in the aluminum-free propellant, 1.7 x 10~ 3 
cm 2 /s with 10% aluminum, and 1.9 x 10~ 3 cm 2 /s with 20% aluminum. 
These data enable us to show that the reaction layer of the condensed 
phase remains narrow after introduction of aluminum. 

Table 5 also summarizes the values of relative heat inputs by conduction 
q = q s fc(T s - T 0 ) and by radiation tt 1 = k 0 ('n 1 /m)/c(T s - T 0 ). An analysis 
of the data of Table 5 leads to identifying the region of aluminum reaction 
in the combustion wave. It follows from the tabular data that introduction 
of 10% ASD 1) increases <p s , heat input into the condensed phase by 
conduction q s (and thermal flux to the condensed phase q s m) and by ra- 
diation ^(iTj/m) (and radiant flux ^oT^); 2) reduces heat release Q; and 
3) increases the near-surface heat-release rate 4> r These data also prove 
that an increase of the specific surface of aluminum (replacement of FPA 
by FPA0) 1) increases <p s , q s , and q s m _and reduces ^(-rrj/m) and £bnY> 
2) does not increase Q; and 3) increases <P g . These results point to the gas 
phase as the sole incidence of aluminum reacting. In the reaction layer of 
the condensed phase, Al functions as an inert ballast, which is just the 
reason for a drop of Q upon introduction of aluminum. 

Table 5 shows that heat input by conduction from gas into the condensed- 
phase aluminized propellants is bigger yet than heat input by radiation. 
However, the intensification of thermal fluxes from gas into the condensed 
phase with introduction of aluminum into the compositions increases the 
combustion rate little, which should be attributed to a concurrent decrease 
of heat release in the condensed phase due to heat losses for heating of 
aluminum. 

There is one more aspect to the performed experiments. The results 
obtained may be regarded as an experimental check of an idea (with a 
negative answer) of the existence of a leading zone in the combustion wave 
somewhere in the gas phase at sufficiently elevated temperatures. Indeed, 
the burning aluminum particles constitute a source of violent heat release 
and, due to a wide range of particle sizes of aluminum-grade ASD and, 
consequently, due to different retardation of Al particles, the entire region 
of variable temperatures in the gas phase proves to be covered with sources 
of heat release. The existence of the leading zone in the gas was to have 
brought about a sharp increase in the combustion rate on introduction of 
aluminum. However, this is not the fact. Consequently, the leading zone 
in the bulk volume of the gas phase in the composite powders experimented 
on is nonexistent. 
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The burning rate of composite propellants is governed by the joint action 
of heat release Q in the reaction layer of the condensed phase and heat 
input q s (see Sec. III); however, the larger absolute value of Q makes the 
heat release in the reaction layer of the condensed phase the most important 
factor affecting the combustion rate. This is corroborated by the data of 
this section. Indeed, introduction of catalysts acting in the reaction layer 
of the condensed phase steps up the combustion rate substantially, whereas 
introduction of aluminum, in this case reacting with gas, has but a negligible 
influence on the rate of combustion. 

V. Conclusions and Future Developments 

In this work, experimental studies of the thermophysics of stable com- 
bustion waves of solid propellants, i. e. , double-base propellants and various 
compositions based on AP, were conducted. The parameters of the com- 
bustion wave were measured. The conditions of unidimensionality and 
quasisteadiness of combustion have been determined. Distinctive features 
of the physics of combustion of solid propellants were enunciated: 1) as a 
rule, a small width of the reaction zone in the surface layer of the solid 
phase; 2) a wide reaction zone in the gas phase (exceeds the conductive 
size by an order of magnitude and more); heat release in gas starts im- 
mediately at the surface and continues throughout the zone of varying 
temperature; and 3) intensive heat release in the solid phase, usually ex- 
ceeding 5-10 times the input of heat from gas. Generalized laws have been 
found for double-base propellants with respect to the surface temperatures 
and heat release in the solid phase. These laws permit calculating the heat 
exchange between the gas phase and propellant during combustion up to 
—100 atm by the combustion rate and pressure, whereas at higher pressures 
they permit calculating the temperature profiles and heat-release rates 
(with some assumptions) without conducting experiments for investigating 
the structure of waves. 

For both types of propellants, the position in the combustion wave of 
the stages governing the combustion rate was found: this is the region of 
reaction in the surface layer of propellant and the region of low-temper- 
ature gas reactions at the surface. The influence of catalytic and aluminum 
additions on the thermophysics of combustion waves of complex compo- 
sitions were investigated. It was demonstrated that the iron-bearing cata- 
lysts "operate" in the surface reaction layer. Aluminum reacts in the gas 
phase, whereas in the solid phase it is a mere ballast under the investigated 
conditions. 

The data obtained on the structure of combustion waves of solid pro- 
pellants prove useful for modeling various processes of combustion (see, 
for example, Refs. 42-44). To create a model of complex nonsteady phe- 
nomena, use should be made of the laws of changes in the previously 
mentioned zone parameters. They are described by generalized laws al- 
ready obtained for double-base propellants. 

Apparently, a vital object of future research is a search for similar gen- 
eralized laws for the zonal parameters of complex compositions. It would 
be useful to investigate effects of different additions on propellant burning 
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more widely by using the methods described earlier. The combination of 
the trend presented in this work with some other methods will undoubtedly 
lead to a sufficiently comprehensive description of various nonsteady phe- 
nomena in which an important significance is attached to change in the 
structure of the burning wave: the change brought about by external con- 
ditions of burning (f or instance , by a rapid pressure drop or rise) , by ignition 
or extinction. In particular, a complex investigation of the nonsteady pro- 
pellant burning rate can be carried out. Finally, with regard to some pro- 
pellants with highly effective heterogeneous additions and a high metal 
content whose combustion is of a multidimensional nature, a search is 
required for new methods of recording the structure of the combustion 
wave and describing the combustion process. 
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Chapter 7 



Flame Structure of Modern Solid Propellants 

N. Kubota* 

Technical Research and Development Institute, Japan Defense Agency, 

Tokyo, Japan 



Nomenclature 

c = specific heat, kJ/kg K 

d = pressure exponent of gas-phase reaction, defined in Eq. (12) 

k f = reaction rate constant, defined in Eq. (8) 

L = reaction distance, m 

M = molecular mass, kg/kmole 

m = reaction order, defined in Eq. (8) 

n = pressure exponent of burning rate, defined in Eq. (13) 

p = pressure, MPa 

Q = heat of reaction, kJ/kg 

2ft = gas constant, kJ/kmole K 

r b = burning rate, m/s 

T = temperature, K 

t = time, s 

u = flow velocity, m/s 

x = distance, m 

a = thermal diffusivity at the burning surface, defined in Eq. (7), 
m 2 /s 

T = heat flux, defined in Eq. (2), kW/m 2 

e = weight fraction of reactant 

A = heat flux, defined in Eqs. (1) and (3), kW/m 2 

X = thermal conductivity, kW/m K 

p = density, kg/m 3 
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$ = temperature gradient in the gas phase, defined in Eq. (4), K/m 
t = reaction time, defined in Eq. (15), s 

«l' = temperature in the condensed phase, defined in Eq. (5), K 
w = reaction rate in the gas phase, kg/s m 3 



Subscripts 

0 = initial condition 
g = gas phase 

p = pressure or propellant 

1 = burning surface 



Introduction 

SOLID propellants are composed of various materials such as crystalline 
oxidizers, hydrocarbon polymers, nitrocompounds, metallic powders, 
and burning-rate catalysts. Thus, the burning process of solid propellants 
is also dependent on the physical and chemical properties of the materials. 12 
In general, the combustion wave of soild propellants consists of succes- 
sive reaction zones: the subsurface and surface reaction zones, the diffu- 
sional mbdng zone between gaseous oxidizer and fuel fragments, and the 
high-temperature luminous flame zone. Thus, the thermochemical prop- 
erties of the propellant ingredients are the major parameters that alter the 
burning-rate characteristics. 14 In addition, the diffusional mixing process 
between the decomposed gases of crystalline oxidizers and polymeric fuels 
is also an important step in determining the burning-rate characteristics. 

The burning rate and flame structure of conventional solid propellants 
such as ammonium perchlorate (AP) composite propellants 5 13 and nitro- 
cellulose (NC)/nitroglycerin (NG) double-base propellants 14 ^ 23 have been 
studied extensively. The addition of catalysts significantly alters the burn- 
ing-rate characteristics. The burning rate of AP-polymer propellants is 
increased by the addition of iron oxide or organic iron compounds 24 and 
is decreased by the addition of lithium fluoride. 25 The addition of lead 
oxides or organic lead compounds alters the combustion mode of double- 
base propellants. 14 ^ 21 For example, the burning rate is increased by the 
addition of a small amount of lead stearate at low-pressure regions, which 
is an effect referred to as "super-rate burning," which leads to a pressure 
range in which rate is constant and is referred to as the "plateau burning 
region." A good overview of conventional solid-propellant features is given 
in Chapters 3-6 of this volume. 

In this chapter, the flame structures of high-energy propellant ingredients 
and modern types of solid propellants are discussed in order to gain infor- 
mation on the heat-transfer process in the combustion wave and the burn- 
ing-rate characteristics of propellants. The reaction rates in the gas phase 
and the heat feedback process of the propellants with and without catalysts 
are determined by use of thermochemical analysis and temperature dis- 
tribution measurements in the combustion wave. 
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Combustion Wave Structure 

The combustion process of propellants is largely dependent on pressure, 
initial propellant temperature, and the chemical ingredients and their state 
of mixedness in the propellants. Plate 1 shows typical flame photographs 
of energetic materials and propellants. It is evident that the flame structure 
is different when the propellant consists of different chemical ingredients. 
Though the combustion process of energetic materials and propellants is 
highly complicated, the combustion wave structure can be represented by 
three zones, as shown in Fig. 1 (Ref. 1): In the solid phase (zone I), no 
chemical reactions occur and temperature increases exponentially from the 
initial propellant temperature (T 0 ) to some decomposition temperature 
(T d ) by solid-phase heat conduction. In zone II, temperature increases 
relatively slowly from T d to the burning surface temperature (T s ). Zone II 
is a thin layer where phase changes from solid to liquid and/or to gas occur, 
producing reactive gaseous species at the burning surface. In the gas phase 
above the burning surface (zone III), the temperature increases rapidly 
from T s to the flame temperature (7}). 

The heat flux transferred back from zone III to zone II is given by 1 

A g = \,4> (D 

and the heat flux produced in zone II is given by 

^ = p p r b Q s (2) 

The heat flux transferred back from the burning surface to the condensed 
phase, zone I, is given by 

A P = PpC p ^ir b + T s (3) 



BURNING 
SURFACE 




Fig. 1 Combustion wave structure of a typical solid propellant. 
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where 



* ■ (SL 

»J> = T s - T 0 - Q s lc p (5) 



Thus, the burning rate is represented by the overall heat balance at the 
gas/condensed phase interface: 

r b = o^Aj» (6) 

where 

a s = X g /p pCp (7) 

The heat feedback process given by Eqs. (1-3) is determined by the re- 
action rate throughout the combustion wave. The detailed reaction process 
is understood by the analysis of the conservation equations of mass, mo- 
mentum, energy, and gaseous species. However, since the reaction process 
is highly complicated and the thickness of the combustion wave is very 
thin, the determination of the detailed structure is difficult experimentally. 
Thus, in general, simplified reaction models are adopted into the analysis 
of the combustion wave structure. 



Measurements of Flame Structure 

The reaction process in the combustion wave of solid propellants is 
responsible for the burning-rate characteristics, such as the pressure ex- 
ponent (see Chapter 3) and the temperature sensitivity of the burning rate 
(see Chapter 4). Thus, the determination of the flame structure is one of 
the key technologies to understand the burning-rate characteristics. Since 
the thickness of the combustion wave is very thin, the measurement of the 
gaseous species produced in the combustion wave by means of gas sampling 
and optical techniques is difficult. However, the measurement of the tem- 
perature distribution throughout the combustion wave is possible experi- 
mentally during propellant burning. 17 - 26 ~ 28 Very fine thermocouples (for 
example, those with wire sizes smaller than 5 jxm in diam) are embedded 
within the propellant samples. The regressing burning surface traverses the 
thermocouple junction, and the output of the signal demonstrates the tem- 
perature increase from T 0 to T d , to T s , and to T f . The results of the 
temperature distribution in space and time give the information of the 
heat-transfer process in the combustion wave represented by Eqs. (1-3). 

Since the reaction rate in the gas phase decreases with decreasing pres- 
sure, the thickness of the reaction zone increases with decreasing pressure. 
More detailed measurements of the flame structure become possible at 
lower pressure. The reactive species produced at zone II are ejected from 
the burning surface and react to form a luminous flame in zone III. 

One can assume that the reaction in the gas phase is represented as a 
single-step reaction whose apparent reaction order is determined. 17 The 
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rate equation for an mth order is given by 

o>, = kf(e g p g r (8) 

In steady-state burning, the mass flow rate everywhere is equal to the net 
reaction rate: 

p g u g = fw g dx (9) 

where integration is through the reaction region. If one also assumes that 
the reaction rate is constant throughout the distance from the burning 
surface to the luminous flame front, the integral in Eq. (9) is equal to the 
product d)gL g , and 

co g = 9 g u g IL g = p p r b /L g (10) 

Combining this with Eq. (8), one obtains 

L g = p p r b /[k f ( EgPg r} (lla) 

~r b /p m (llb) 

In general, the flame standoff distance decreases linearly in a log/? vs logZ^ 
plot and is represented by 12-17 

L g = ap d (12) 

where d is the pressure exponent of gas-phase reaction. The relation be- 
tween the burning rate of propellant and pressure is expressed by Vieille's 
law: 

r b = bp" (13) 

where n is the pressure exponent of burning rate. For many propellants, 
n and b are constants over a relatively large pressure range. Equations 
(11), (12), and (13) combine to give the relationship 17 

m = n - d (14) 

Thus, the overall order of the gas-phase reaction can be estimated from 
measurements of burning rate and flame standoff distance. 



Flame Structure of Cyclotetramethylene Tetranitramine 

Nitramines are energetic materials containing -N-NO z groups in the mo- 
lecular structures. Cyclotetramethylene tetranitramine (HMX) and cyclo- 
trimethylene trinitramine (RDX) are the typical cyclic nitramines used for 
propellants. The combustion prpducts of HMX and RDX are stoichio- 
metrically balanced, and the flame temperature reaches more than 3000 
K at 10 MPa. Since the nitramines contain a high concentration of hydrogen 
atoms, low-molecular combustion gases are produced. Thus, the combus- 
tion potentials such as specific impulse of rockets and impetus of guns are 
increased by the use of the nitramines. Extensive experimental and the- 
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oretical studies have been performed on the decomposition and combustion 
of HMX and RDX, and combustion models of nitramine propellants have 
been presented. 29 * 37 The physicochemical properties of HMX and RDX 
are shown in Table 1. 

The burning rate of HMX, which is made as pressed pellets, is shown 
in Fig. 2 as a function of pressure. 35 The burning rate is relatively low 
compared with that of conventional solid propellants, even though the 
energy contained in the unit mass of HMX is high. The pressure exponent 
of burning rate is determined to be 0.66. Plate 1 is a typical set of the 
flame photographs of HMX burning at different pressures. The luminous 
flame generated above the burning surface is very unstable at low pressures 
(below 0.3 MPa). However, the luminous flame becomes stable and ap- 
proaches the burning surface as pressure increases. The temperature pro- 
files in the gas phase at low pressures demonstrate a two-stage temperature 
rise. The first-stage zone is a steep temperature gradient zone just above 
the burning surface. The second-stage zone is a mild temperature rise zone 
that is designated to be the zone to produce the luminous flame shown in 
Plate 1. However, the second-stage zone approaches rapidly to the first- 
stage zone as pressure increases and merges to make a single-step tem- 
perature rise at pressures above about 0.3 MPa. 

The temperature gradient just above the burning surface (zone III, de- 
fined in Fig. 1) increases with increasing pressure, which is represented by 
4> ~ p 0 - 90 , as shown in Fig. 2. The effective overall order of the gas-phase 
reaction defined by Eq. (14) is determined to be 1.9, or nearly second 
order. The heat of reaction at the burning surface (zone II, defined in Fig. 
1) is relatively pressure independent and is determined to be 300 kJ/kg. 
In the computation of Q s , the data of T s and 4> shown in Fig. 2 and the 
physical parameter values p p = 1.70 x 10 3 kg/m 3 , c p = 1.30 kJ/kg K, and 
k g = 8.40 x 10" 5 k W/m K are used. As shown in Fig. 3, both A g defined 
in Eq. (1) and r s defined in Eq. (2) increase with increasing pressure. It 
is evident that the heat flux produced in zone II is approximately equal to 
the heat flux transferred back from zone III to zone II. 35 

The overall initial decomposition reaction is represented by 29 " 31 



3(CH 2 NN0 2 ) 4 -> 4NO z + 4N 2 0 + 6N 2 + 12CH 2 0 (R-l) 

Since nitrogen dioxide reacts quite rapidly with formaldehyde, 17, 18,21 29 31 
the gas-phase reaction, represented by 



7NO z + 5CH 2 0 -> 7NO + 3CO + 2C0 2 + 5H z O (R-2) 

is probably the dominating reaction following immediately after reaction 
(R-l). Reaction (R-2) is highly exothermic, and the reaction rate is faster 
than the reaction rates of the other gaseous species. 

The reaction products generated by the reactions (R-l) and (R-2) react 
again in the later stage; i. e., NO and N 2 0 act as oxidizers, and H 2 and 
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Table 1 Physical and chemical properties of energetic materials 



Name 


TAGN 


NQ 


RDX hexogen 


HMX octogen 


EDNA 








CH 2 
/ \ 
0 2 NN NN0 2 


N0 2 






NH-NH 2 HN0 3 

/ 


NH 2 

/ 


H 2 C-N-CH 2 


H 

H 2 C-N-NO : 


rormula 


rt 2 fN-|N-C 

\ 
\ 

NH-NH, 


NH=C 

\ 

NH-NO 


H 2 C CH 2 

\ / 
N 

N0 2 


0 2 NN NN0 2 

TT /'l V T /liT 

H 2 C-N-CH 2 
N0 2 


H 2 C-N-NO : 

T T 

H 


Gross formula 


CH o N,0, 




r H N D 


p h m n 


f y m A 


M, kg/kmole 


167.1 


104 1 

X U 'T . 1 


99? 1 


9QA 9 




AH f , kJ/kg 


-282 


- 896 


320 


9S4 


07 1 


OB, % 


-33.5 


-30.7 


-21.6 


-21.6 


-32.0 


N% 


58.68 


53.83 


37.84 


37.84 


37.33 


/7 exp , kJ/kg 


3490 


3730 


6040 


6030 


5360 


p, xl0 3 kg/m 3 


1.59 


1.71 


1.80 


1.96 (P) 


1.71 


T m , K 


489 


505 decomp. 


477 


555 


449 


7/i K 


2056 


1840 


3323 


3300 


2628 



AH r , heat of formation; OB, oxygen balance; N%, nitrogen content; ff cxp , heat of explosion; T m , melting point; 7}, adabatic flame temperature. 
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Fig. 3 Heat flux transferred back from gas phase to the burning 
surface and heat flux produced at the burning surface for HMX. 
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CO act as fuels. The reactions involving NO and N z O are represented 

5y 38,39 

2NO + 2H 2 -> N 2 + 2H 2 0 (R-3a) 

2NO + 2CO -> N 2 + 2C0 2 (R-3b) 

2N 2 0 2NO + N 2 (R-3c) 

It has been reported that the reactions involving NO and N 2 0 take place 
slowly and are trimolecular. 38 - 39 Thus, the reaction rate appears to be 
strongly dependent on pressure: the reaction rate is very slow at low pres- 
sure and increases rapidly as pressure increases. 

The zone of the steep temperature rise just above the burning surface 
is the reaction zone designated by reaction (R-2), and the overall order of 
the reaction appears to be a second order. Although the detailed mea- 
surements of the luminous flame standoff distance is difficult, the luminous 
flame reaction is designated by reaction (R-3), and the overall order of 
the reaction appears to be higher than a second order, probably a third 
order. 

Flame Structure of Triaminoguanidine Nitrate 

Triaminoguanidine nitrate (TAGN) is an organic high-energy explosive 
that contains a relatively high mole fraction of hydrogen. 40 This hydrogen 
decreases the molecular weight of the TAGN combustion product and 
increases the thermodynamic potentials such as specific impulse for rockets 
and impetus for guns. The oxidizer fragment (HN0 3 ) of TAGN is attached 
by an ionic bond in the molecular structure. The chemical properties of 
TAGN are shown in Table 1 . Although the flame temperature of TAGN 
is 2056 K and is lower by 1244 K than that of HMX, the value of ther- 
modynamic potential appears to be approximately the same for TAGN 
and HMX. 31 

The burning rate of TAGN increases linearly in a \ogp vs logr fc plot as 
shown in Fig. 4 and the pressure exponent of burning rate defined in Eq. 
(13) is determined to be 0.78. As shown in Figs. 2 and 4, the pressure 
exponent appeared to be about the same for TAGN and HMX. Since 
TAGN consists of crystalline particles, the TAGN samples used for the 
measurements of the burning rate are made as pressed pellets. It should 
be noted that the burning rate of TAGN is almost double that of HMX 
at the same pressure even though the energy contained in the unit mass 
of TAGN is lower than that of HMX (see Table 1). 

The thermochemical properties of TAGN are determined by differential 
thermal analysis (DTA) and thermogravimetry (TG) in order to identify 
the burning process of TAGN. As shown in Fig. 5, the TG curve consists 
of a three-stage weight loss process: The first stage corresponds to the 
exothermic rapid reaction observed in the DTA curve between the weight 
loss of 0 (488 K) and 27% (498 K); the second stage corresponds to the 
relatively slow endothermic reaction between the weight loss of 27 (498 K) 
and 92% (573 K); and the third stage corresponds to the very slow en- 
dothermic reaction between the weight loss of 92 (573 K) and 100% (623 K). 
The endothermic peak at 488 K in the DTA curve is recognized to be 
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Fig. 4 Burning rate, flame standoff distance, and reaction rate of TAGN. 



caused by the phase change from solid to liquid. It must be noted that the 
exothermic rapid reaction observed in the first stage is the process rep- 
resenting the nature of energetics of TAGN. Moreover, the exothermic 
reaction occurs immediately after the endothermic phase change. Since the 
weakest chemical bond in the TAGN molecule is the N-N bond (159 MJ/ 
kmole), the initial bond breakage should be the amino groups. Accord- 
ingly, the NH 2 radicals attached to the TAGN molecule split off. The 
weight fraction of (NH 2 ) 3 within the TAGN molecule is 0.288, which is 
approximately equal to the observed weight loss fraction (0.27) at the first- 
stage decomposition process. Calculated results indicate that the energy 
released by the reaction of NH 2 radicals producing N 2 and H 2 is 168 MJ/ 
kmole. This energy is considered to be the heat produced at the first-stage 
decomposition process of TAGN. 

Microphotographs show that the luminous flame of TAGN stands some 
distance from the burning surface. The luminous flame approaches the 
burning surface when pressure is increased. A typical example of the flame 
photographs is shown in Plate 1. The flame standoff distance vs pressure 
in a log-log plot is shown in Fig. 4, and the pressure exponent of the gas- 
phase reaction, d, is determined to be -1.00. 

The reaction rate in the gas phase to produce the luminous flame is 
represented by Eq. (10). The reaction rate is determined using the exper- 
imental values for the burning rate and the flame standoff distance shown 
in Fig. 4. The reaction rate increases linearly in a \ogp vs logco g plot as 
shown in Fig. 4. The overall order of the reaction in the gas phase, m, is 
represented by Eq. (14) and is determined to be 1.78. This indicates that 
the reaction rate in the gas phase of TAGN is less pressure sensitive than 
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Fig. 5 Results of TG and DTA diiring the thermal 
decomposition of TAGN. 



those of other propellants. The overall order of the reaction in the gas 
phase to produce the luminous flame is reported to be 2.5 ~ 2.7 for double- 
base propellants and nitramine propellants. 

The luminous flame of both double-base and nitramine propellants re- 
sults from the reduction of NO to N 2 . Since oxidation reactions involving 
N O appear to be trimolecular, the overall order of the reaction in the gas 
phase of both propellants appears to be higher than that of a commonly 
observed gas-phase reaction that is bimolecular. Accordingly, the flame 
reaction of TAGN is different from that of nitrate-ester-based and nitra- 
mine-based propellants. The reduction of NO to N 2 is not the dominating 
reaction for the flame reaction of TAGN. 

The combustion wave structure of TAGN is divided into three zones, 
which can be illustrated as shown in Fig. 1 (Ref. 40). In zone I, the tem- 
perature increases exponentially from the initial TAGN temperature to T 0 
to T d by heat conduction without any chemical reaction. Small temperature 
fluctuations are measured when the temperature approaches T d . This in- 
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dicates an occurrence of a condensed-phase reaction. In zone II, temper- 
ature increases abruptly from T d to T s within the very thin region designated 
by the thickness 8 n . Thus, zone II is determined to be the surface reaction 
zone consisting of a liquid-gas mixture. In zone III, temperature increases 
relatively slowly from T s to the maximum temperature T f . The temperature 
gradient 4> in zone III increases rapidly as pressure increases. 

Since the burning surface structure of TAGN is nonhomogeneous be- 
cause of the complex reactions involving decomposition, liquefaction, and 
gasification, the determination of the burning surface position from the 
records of the temperature profiles is impossible. The temperatures T d and 
T s at the boundaries of zone II are relatively constant, and the temperature 
gradient in zone III increases linearly in a logp vs log4> plot (see Fig. 6). 

The heat flux transferred back from zone III to zone II and the heat 
generation in zone II are determined by the heat-balance equation [Eq. 
(6)]. The results of the computations of A g and Q s are shown in Fig. 6. 
The physical parameter values used are p p = 1.47 x 10 3 kg/m 3 , c p = 1.3 
kJ/kg K, and \ g = 0.082 W/m K. The results indicate that the burning rate 
of TAGN is increased by the increased heat-flux feedback from the gas 
phase to the surface reaction zone (see also Fig. 6). The overall heat of 
reaction in the surface reaction zone is relatively pressure independent and 
is determined to be 525 kJ/kg in the pressure range tested. The heat flux 
generated in zone II is also shown in Fig. 6. It is evident that F s is ap- 
proximately 13 times the value of A g . This overall heat of reaction in zone 
II is generated by the reaction of the NH 3 radicals, which are produced 
by the dissociation of TAGN. 
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Flame Structure of EDNA/DB Propellants 



Ethylene dinitramine (EDNA) is a linear nitramine that is fundamentally 
different from RDX and HMX in its chemical structure. 41 The thermo- 
chemical properties of EDNA are intermediate between nitroguanidine 
(NQ) and HMX. The physical and chemical characteristics of EDNA, NQ, 
and HMX are shown in Table 1. The propellant composed of EDNA and 
NC/NG is a typical modern composite modified double-base (CMDB) 
propellant, which is termed EDNA/DB propellant. 

The burning rate of EDNA/DB propellant shows a straight line in a logp 
vs logr,, plot, as shown in Fig. 7. The pressure exponent of burning rate, 
n, is determined to be 0.62 at £ = 0.20, where i is the weight fraction of 
EDNA mixed within the NC/NG matrix (DB). The burning rate of DB, 
which is composed of 51.8% NC, 36.4% NG, 9.7% diethylphthalate, and 
2.1% stabilizer, remains relatively unchanged by the addition of EDNA. 
On the other hand, the burning rate of DB is decreased by the addition 
of HMX at the same pressure. Figure 8 shows the effect of the concentration 
of EDNA and HMX mixed within DB. The burning rate of EDNA/DB 
propellant appears to be relatively independent of the concentration of 
EDNA. However, the burning rate of HMX-based CMDB propellant des- 
ignated by HMX/DB decreases with increasing concentration of 
HMX. 41-45 

The flame structure of EDNA/DB propellant appears to be a two-stage 
reaction that is similar to that of DB. The luminous flame stands some 
distance above the burning surface, and the dark zone is produced between 
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Fig. 7 Burning rates of DB, EDNA/DB, and HMX/DB propellants 
as a function of pressure. 
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Fig. 8 Burning rates of EDNA/DB and HMX/DB propellants as a function of the 
weight fraction of EDNA and HMX. 
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Fig. 9 Flame standoff distance of EDNA/DB propellant 
as a function of pressure. 
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the luminous flame and the burning surface. The dark zone thickness 
decreases with increasing pressure, which is expressed by a straight line in 
a logp vs \ogL g plot, as shown in Fig. 9. 
Based on the results in Figs. 7-9, Eqs. (12-14) give d = - 1.47 for DB 

and d = -1.15 1.21 for EDNA/DB propellant. The reaction order 

is determined to be m = 2.2 for DB and m = 1.8 ~ 1.9 for EDNA/DB 
propellant. 

Flame Structure of GAP/HMX Propellants 

Azide polymers are unique energetic materials that generate heat by 
decomposition. 46-51 Since azide polymers contain only a small concentra- 
tion of oxygen atoms, the heat released by the combustion is not due to 
the oxidation reaction, but to the decomposition of C-N 3 bond structure 
to form C-N bond structure and N 2 . The energetic materials composed of 
azide polymers and crystalline oxidizer particles form modern types of 
composite propellants. 52 - 53 The composite propellants composed of azide 
polymers and crystalline nitramine particles are termed azide/nitramine 
propellants. Glycidyl azide polymer (GAP) is a typical energetic azide 
polymer that is known to have self-sustaining burning characteristics. 46,54 
The Chemical properties of GAP are shown in Table 2. 

Although the specific impulse of nitramine propellants is increased by 
the use of azide polymers, the burning rate of azide/nitramine propellants 
is still low compared with that of conventional NC/NG propellants. It has 
been reported that lead compounds are effective in increasing the burning 
rate of azide/nitramine propellants, similar to that of double-base propel- 
lants. 53 Lead compounds act as burning-rate catalysts on the decomposition 



Molecular mass: 1.98 kg/mole 
Density p: 1.30 X 10 3 kg/m 3 
Heat of formation AH f : 957 kJ/kg 
Adiabatic flame temperature T/. 1465 K at 5 MPa 
Combustion products (mole fractions) at 5 MPa: 
N 2 C(s) CO C0 2 CH 4 H 2 H 2 0 
22.34 28.47 13.95 0.13 2.15 32.19 0.71 



Table 2 Chemical properties of glycidyl azide polymer 



Chemical formula: C 3 H 5 ON 3 
Molecular structure 

/ H H \ 




where n = 20 
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process and increase the gas-phase reaction just above the burning surface 
of the propellants. This increased burning rate is the so called super-rate 
burning. 

The azide/nitramine propellant consisting of 20% GAP and 80% HMX, 
which is termed the GAP/HMX propellant, was evaluated in order to 
determine the mode of action of the catalysts. GAP was cured with 12.0% 
hexamethylene diisocyanate (HMDI) and cross linked with 3.2% trime- 
thylolpropane (TMP) to formulate the GAP binder. 46 - 53 The HMX was 
finely divided crystallized ^-HMX of bimodal particle-size distribution (70% 
of 2 |xm in diam and 30% of 20 pim in diam). The burning-rate catalyst 
was a mixture of 2.0% lead citrate (PbCi), Pb 3 (C 6 H 5 0 7 ) 2 • xH z O, and 0.6% 
carbon (C). 

The burning rates of noncatalyzed and catalyzed GAP/HMX propellants 
are shown in Fig. 10. The burning rate was increased drastically at the low- 
pressure region by the addition of the catalyst. The effect of the catalyst 
addition on burning rate diminishes as the pressure increases. Observations 
of the flame structure reveal that GAP binder without HMX burns rela- 
tively rapidly without a luminous flame. The flame contains carbonaceous 
fragments. The temperature in the gas phase increases relatively smoothly 
from T s at the burning surface to the maximum temperature at a short 
distance from the burning surface, as illustrated in Fig. 1 (zone III). On 
the other hand, HMX burns with a luminous flame, that is produced just 
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Fig. 10 Burning-rate characteristics of noncatalyzed and catalyzed 
GAP/HMX propellants. 
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above the burning surface. However, when GAP and HMX are mixed 
together, a luminous flame stands some distance above the burning surface. 
The flame standoff distance is increased significantly by the addition of the 
catalyst at the same pressure. Typical flame photographs of noncatalyzed 
and catalyzed GAP/HMX propellants are shown in Plate 1. The nonlu- 
minous zone that separates the luminous flame zone and the burning sur- 
face is a preparation zone for generating the luminous flame zone. As 
shown in Fig. 11, the flame standoff distance decreases as the pressure 
increases for both catalyzed and noncatalyzed GAP/HMX propellants. 
However, the luminous flame zone of the catalyzed propellant stands at a 
further distance from the burning surface even though the burning rate is 
increased significantly. 

The reaction rate in the gas phase to produce the luminous flame is given 
by Eq. (10), and the overall reaction rate in the preparation zone is given 
by Eq. (14). The reaction rates of catalyzed and noncatalyzed GAP/HMX 
propellants are calculated using the experimental values shown in Fig. 11. 
Both reaction rates increase linearly in a log/? vs \ogu> g plot, as also shown 
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Fig. 11 Flame standoff distance and reaction rate in the gas phase of 
noncatalyzed and catalyzed GAP/HMX propellants: a) burning rate; b) reaction 
rate. 
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Fig. 11 (continued) Flame standoff distance and reaction rate in the gas phase of 
noncatalyzed and catalyzed GAP/HMX propellants: a) burning rate; b) reaction 
rate. 



in Fig. 11. The reaction rate in the preparation zone remains relatively 
unchanged when the catalyst is added. In other words, there is no effect 
of the addition of the catalyst on the reaction in the preparation zone, even 
though the burning rate of the propellant is increased drastically. The 
results indicate that the heat flux transferred back from the luminous flame 
zone to the burning surface has a negligible effect on the burning rate of 
G AP/HMX propellant. 

The temperature profiles in the combustion wave of GAP/HMX pro- 
pellants both with and without the catalyst show a two-stage temperature 
rise in the gas phase. 53 The first steep temperature rise occurs near the 
burning surface, i. e., the first-stage reaction zone. This steep temperature 
rise flattens out some distance from the surface. The second steep tem- 
perature rise occurs at the boundary between the preparation zone and 
the luminous flame zone, i. e., the second-stage reaction zone. A typical 
set of the temperature profiles of the noncatalyzed and catalyzed GAP/ 
HMX propellants at 0.5 MPa is shown in Fig. 12. 
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Fig. 12 Temperature profiles in the combustion wave of 
noncatalyzed and catalyzed GAP/HMX propellants. 



Flame Structure of Ammonium Perchlorate Propellants 

Extensive experimental and theoretical studies on the flame structure of 
AP composite propellants have been conducted to improve the combustion 
performance. 5 " 7 - n ~ 13 - 55-60 However, the physicochemical parameters that 
determine the burning-rate characteristics are not well understood because 
of the complex nature of the combustion process. The AP particles mixed 
within a polymeric fuel binder decompose to produce NH 3 and HC10 4 
fragments at the burning surface of the propellant and react to produce 
AP monopropellant flamelets above the burning surface. The fuel frag- 
ments produced by the decomposition of the polymeric fuel binder react 
with the AP monopropellant flamelets to produce diffusion flame streams 
above the burning surface. Thus, the flame structure of AP composite 
propellants appears to be dependent on various physical and chemical 
properties of the ingredients mixed within the propellants, such as the 
concentration of polymeric fuel binder, the size of AP particles, and the 
burning-rate catalysts. 

Figures 13 and 14 show typical results of the burning-rate characteristics 
of AP composite propellants that comprise the oxidizer rich mbcture ratio. 60 
The burning rate increases linearly with increasing the binder concentration 
(where £ is fraction in weight) mixed within the propellants. The burning 
rate of the propellant (£ = 0.08) increases linearly with pressure in a \ogp 
vs logr b plot, and the pressure exponent defined in Eq. (13) is determined 
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Fig. 13 Burning-rate characteristics of AP/HTPB propellant as 
function of the weight fraction of HTPB. 



to be 0.66. The binder used is hydroxyl-terminated polybutadiene (HTPB) 
and the AP particles used are mixtures of 60% of 400 |xm in diam, 20% 
of 200 |o,m in diam, and 20% of 10 jxm in diam. The propellant samples 
are made as pressed pellets. 

The temperature distribution in the combustion wave of the propellant 
(£ = 0.08) is shown in Fig. 15. The temperature increases relatively smoothly 
in the solid phase from T 0 to T s and increases rapidly from T s to T g just 
above the burning surface (zone III-l). 60 The temperature increases further 
from T g to the final flame temperature T f accompanied by large fluctua- 
tions. The decomposed gases from the AP particles and the binder diffuse 
into each other and produce diffusion type flamelets above the burning 
surface. Since the shape of these flamelets changes in space and in time, 




PRESSURE, MPa 

Fig. 14 Burning-rate characteristics of AP/HTPB propellant as a 
function of pressure. 
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Fig. 15 Temperature profile in the combustion wave of 
AP/HTPB propellant. 

the gas-phase structure becomes highly heterogenous. The burning surface 
temperature is approximately 600 K, and T g is approximately 1200 K in 
the pressure range of 0.033-0.087 MPa, as shown in Fig. 16. 

In order to evaluate the reaction time i g , which is defined as the time 
to complete the reaction in zone III-l, the results of the temperature 
distribution in the gas phase are examined. The reaction time is given 
simply by the following relationships 

i g = Lg/Ug (15) 

where L g is the thickness of zone III-l, and u g is the averaged gas flow 
velocity in zone III-l. Using the mass continuity at the burning surface and 
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Fig. 16 Burning surface temperature and gas-phase temperature at 
zone IIl-1/zone III-2 interface of AP/HTPB propellant. 
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the equation of state in the gas phase, -r g is obtained by 

7 g = M g L g p/[ Pp T g r b gi] 



(16) 



As shown in Fig. 17, the reaction time decreases linearly with increasing 
pressure in a log/? vs log-r g plot. In the computations of r g , the burning- 
rate data shown in Fig. 14 and the temperature distribution data are used. 
The parameter values used are M g = 25 kg/kmole and p p = 1.65 x 10 3 
kg/m 3 . The solid line in Fig. 17 denotes the reaction time to produce the 
monopropellant flame of AP estimated by Steinz et al. 6 It should be noted 
that the measured data points are expressed approximately by the solid 
line. Accordingly, the reaction time measured experimentally is found to 
be the induction time to produce the AP monopropellant flame above the 
burning surface. 

The temperature gradients in zones III-l and III-2 are shown in Fig. 18. 
Both temperature gradients increase linearly with increasing pressure in a 
log/? vs log4> plot. It should be noted that the gradient defined by dlog 4>/ 
dlogp is determined to be approximately 0.7, which is equal to the pressure 
exponent of burning rate defined by Eq. (13). This indicates that the heat 
flux transferred back from the gas phase to the burning surface is respon- 
sible for the burning rate of the propellant. Based on the heat-balance 
equation [Eq. (6)], the heat of reaction at the burning surface is determined 
to be Q s = -2.9 x 10 2 kJ/kg, which indicates that the surface reaction 
is endothermic. It has been reported that AP particles sublimate endoth- 
ermically when heated relatively slowly at low temperatures. 6 Since the 
burning process of AP composite propellants at subatmospheric pressures 
is very slow, the AP particles within the propellants are considered to 



30 



i — rr-rr 




i— 

CC 



AP MONOPROPELLANT FLAME 
REACTION TIME 
Estimated by Steinz e t al. 5 



3 I i i i i i i i i 

0.02 0.05 0.1 0.15 

PRESSURE, MPa 



Fig. 17 



Reaction time in zone III-l showing that the 
time decreases with increasing pressure. 



reaction 



(&AIAA 

iLfVbVthiaBhriiBfBmimim^ Purchased from American Institute of Aeronautics and Astronautics 



FLAME STRUCTURE 255 

sublimate endothermically. Thus, the endothermic reaction at the burning 
surface is probably caused by the sublimation of the AP particles at the 
burning surface. 

The heat balance at zone III-1/zone III-2 interface is represented by 60 
Agin-i = Agm-2 + 9gU g Q g m-i (I 7 ) 

Using the mass continuity equation at the solid/gas interface, p g u g = p p r b , 
and Eq. (17), the heat of reaction at zone III-1/zone III-2 interface is 
determined to be Q gIll . l = 4.5 x 10 2 kJ/kg. In computing Q s and Q gm _i, 
the physical parameters used are k g = 8.4 x 10" 2 W/m K and c p = 1.30 
kJ/kg K. Plate 1 is a typical set of the flame photographs of AP composite 
propellant = 0.14 HTPB) at 0.07 MPa and 0.1 MPa. It is evident that 
the thickness of the reaction zone (zone III- 1) above the burning surface 
decreases as pressure increases. 

Conclusions 

The flame structures of energetic materials (HMX, TAGN, EDNA, and 
GAP) and propellants (EDNA/DB, GAP/HMX, and AP/HTPB) are largely 
dependent on the various physicochemical properties such as the type of 
chemicals and the mixture ratio of chemical ingredients. The combustion 
wave consists of three zones: the heat-conduction zone without chemical 
reaction, the surface reaction zone, and the gas-phase reaction zone. The 
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Fig. 18 Temperature gradients in zone III-l and 
zone III-2 of AP/HTPB propellant. 
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reaction rate in the gas phase and the overall order of the reaction are 
evaluated. 

The luminous flame of energetic materials and propellants stands some 
distance above the burning surface at low pressures. However, the heat 
flux transferred back from this luminous flame to the burning surface has 
a negligible effect on the burning rate. The luminous flame approaches the 
burning surface as pressure increases. The heat transferred back from the 
flame in the gas phase just above the burning surface and the heat produced 
at the burning surface play a dominant role in the determination of the 
burning-rate characteristics. 
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Chapter 8 



Nonintrusive Diagnostic Techniques for Research 
on Nonsteady Burning of Solid Propellants 
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vfj = frequency of pump beam (CARS) 

w 2 = frequency of probe beam (CARS) 

X (3) = third-order susceptibility 

X NR = nonresonant, nondispersive background contribution to the 

Raman susceptibility 

a if , a n a s = matrix elements of the polarizability 

T if = pressure-broadened isolated line width in CARS 

y rs = off-diagonal line width parameter 

Apf> = population difference between upper and lower states 

A r = line shift 

5„ = matrix element for detuning 



I. Introduction 

ALTHOUGH phenomenological models of solid-propellant combus- 
tion, parameterized via burn-rate measurements, can often adequately 
describe steady-state deflagration, the accurate prediction of nonsteady or 
transient combustion requires a more detailed knowledge of the chemistry 
and kinetics involved. A steady-state combustion model is often "self- 
correcting" with respect to kinetic parameters 1 ; i. e., a range of kinetic 
factors will lead to similar steady burning rates and pressure exponents. 2 
However, extension of the model to more kinetically controlled environ- 
ments, such as unstable or transient combustion, is error prone if the correct 
kinetic information is not included. Detailed kinetic models of propellant 
combustion and ignition are currently becoming available. 1 ' 3 The kinetic 
rate constants for each detailed chemical reaction can be obtained from 
laboratory experiments or theoretical calculations. Confirmation of the 
chemical pathway chosen, the overall model, and its input data, as it applies 
to solid-propellant combustion, requires in situ measurement of flame 
structure and chemistry. The advanced diagnostics that can make the re- 
quired measurements and their application to nonsteady solid-propellant 
combustion environments are the subject of this chapter. 

A. Diagnostic Requirements 

The field of nonsteady burning of solid propellants presents the most 
difficult of requirements for diagnostic techniques of almost any environ- 
ment. Solid-propellant flame structure (steady or not) is on a very small 
scale, so that intrusive probes are likely to be a severe perturbation on the 
system. The transient nature of the combustion requires fast time response, 
and the often poor reproducibility of some transient combustion events 
requires that the diagnostic technique obtain as much information as pos- 
sible in one event (i. e., imaging techniques for species or temperature 
profiles). Furthermore, the high pressures, temperatures, and often dirty 
flames involved complicate the optomechanical arrangements. What is re- 
quired, then, are nonintrusive, temporally and spatially resolved, species-, 
temperature-, or velocity-specific, and possibly multichannel diagnostic 
techniques. Most techniques approaching these requirements are based on 
laser light scattering and have been perfected in only the last 15-20 yr, 
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due to the advent of powerful, tunable, narrow-line width, good-beam- 
quality laser systems. They include LIF, spontaneous Raman, CARS and 
other nonlinear Raman techniques, LDV, and absorption or interfero- 
metric techniques that obtain spatial resolution via tomographic decon- 
volution. 

The desired time-resolved parameters to measure include the instanta- 
neous pyrolysis rate off the surface (i. e., gas velocity), the temperature 
profile from below the surface to beyond the final equilibrium heat release 
in the gas phase, the species identities and concentration profiles in the 
gas phase, and particulate behavior in the gas phase. Diagnostic techniques 
to obtain these data include LDV for gas velocity, Raman and CARS for 
gas temperature and major species profiles, LIF for gas and surface tem- 
perature and minor gas species profiles, and holography for particulate 
imaging. Desired parameters that are judged too difficult to measure in 
situ in a real environment include the chemistry and kinetics of the melt 
layer and "foam zone." Such data must be inferred either from simpler 
experiments, such as solution or in vacuo decomposition, or from the 
composition and temperature of the gas phase just above the surface. 
Typical nonsteady propellant combustion experiments to which the ad- 
vanced diagnostics in question could be applied productively include ig- 
nition, response to perturbations (i. e., step increase or decrease in heating 
flux or pressure), and response during unstable combustion (i. e., pressure 
oscillations, crossflow, or oscillatory laser heating flux). Measurements 
could include flame structure (temperature and species) or gas velocity, 
measured either time-resolved after a transient perturbation or as a func- 
tion of phase angle during oscillatory perturbations. 

The time resolution required depends on the system being probed. Even 
steady-state deflagration experiments need millisecond resolution unless 
the burning surface is kept at a constant position via a servofeed mecha- 
nism. 4 Ignition studies, for reasonable thermal heat fluxes, require time 
resolutions in the tens or hundreds of microseconds range. 5 The time re- 
sponse required for combustion instability experiments obviously depends 
on the frequency involved, but 10 (jus would cover most cases. More 
transient environments, such as the run up to detonation in the deflagra- 
tion-to-detonation transition (DDT), would benefit from submicrosecond 
resolution (Price and Boggs, Chap. 12, this volume). Most modern species- 
or temperature-specific laser diagnostics far surpass these temporal reso- 
lutions since they make use of pulsed lasers with pulse widths typically less 
than 10 ns. The repetition rate of most of the lasers, about 10-500 Hz, is 
slow compared with any nonsteady propellant combustion event. So while 
the laser completely freezes the combustion on a single-shot basis, the time 
evolution of the process must be built up in a sampled manner (i. e. , multiple 
ignition experiments or phase-correlated instability experiments). Diag- 
nostic techniques that make use of continuous-wave (cw) lasers, such as 
LDV, allow time evolution response governed only by signal-to-noise con- 
siderations (i. e., in the case of LDV governed by the particle seeding rate). 

The spatial resolution required depends largely on the propellant class 
and the deflagration pressure. The structure of propellant flames is covered 
in Chap. 7 of this volume. Briefly, double-base propellants have the most 
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widely spread out flame structure, with final equilibrium heat release often 
occurring more than a centimeter above the surface at 10 atm, 6 although 
there are very steep temperature gradients to be resolved near the surface 
("fizz zone"). Neat nitramines are thought to have flame structures similar 
to double-base but on a much smaller scale (much less than a millimeter 
to the final flame, vs a centimeter). Nitramine propellants can be made 
with inert binders that stretch out the flame structure to as much as a 
centimeter at 10 atm. 7 Ammonium perchlorate (AP)-based propellants are 
thought to have the smallest scale flame structure, if one is considering the 
self-deflagration premixed flame above individual AP crystals, rather than 
the diffusion flame between the AP flame products and the binder decom- 
position species. Such diffusion flame structure may be better studied with 
controlled-geometry sandwich propellant samples. 8 

As pressure increases, the flame standoff distances rapidly decrease 
(scaling approximately as inverse pressure squared). Therefore, the flame 
standoff distances at realistic rocket motor pressures, ca 100 atm, are likely 
to be extremely small, in the micron range. Since the surface of the defla- 
grating propellant probably is not smooth on a micron scale (especially for 
composite propellants) and certainly is not flat on that scale, optical-based 
diagnostics are virtually impossible under realistic rocket motor conditions 
with energetic propellants. Still, much can be learned from lower pressure 
experiments on model propellants or monopropellants, and the high- 
pressure behavior can be judged via extrapolation of low-pressure (1-10- 
atm) results. 

The physical environment presented by solid-propellant combustion is 
quite hostile to diagnostic techniques. Aside from the requirements of a 
pressure bomb, purged optical access, and ability to handle hot corrosive 
noxious gases, the flame environment itself is troublesome to most diag- 
nostic techniques, optical included. The temperatures can be as high as 
3500 K, and temperature gradients near the surface can be typically 10 5 
K/s even for steady-state deflagration at modest pressures (ca 35 atm). The 
spatial temperature gradients can be 1.5 x 10 5 K/cm at the surface. Tem- 
perature gradients for the outer gas flame for cyclotetramethylenetetran- 
itramine (HMX) have been measured at nearly 10 4 K/cm even at 1 atm. 910 
The temporal and spatial temperature (and, therefore, species) gradients 
in more transient combustion events, such as DDT, are likely to be much 
higher. 

Another problem to overcome with optical techniques is optical access 
to the flame. Many propellant flames are quite sooty, especially those 
formulations with polybutadiene binders or ammonium nitrate (AN) oxi- 
dizers. Aluminized propellants obviously have heavily particulate-laden 
flames due to molten Al entrained into the flow and burning to fine A1 2 0 3 
powder. Even theoretically clean flames, such as neat nitramines, show 
some particulate in the flame close to the surface. 5 By judicious choice of 
a propellant system, especially binders, the flame cleanliness can be brought 
into the realm where some laser diagnostic techniques can be successfully 
applied. However, other diagnostic techniques that have had extensive 
application to clean combustion environments, such as Rayleigh and spon- 
taneous Raman scattering, are not likely to be productively applied to any 
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solid-propellant combustion environment, because they cannot handle even 
light particulate loading. The detected signals are swamped by Mie scat- 
tering from particulates (either directly, as in Rayleigh scattering, or by 
insufficient blocking by wavelength-specific devices in Raman scattering). 

Refractive beam steering due to density gradients is likely to be a problem 
with optical techniques as pressure (and, therefore, density and refractive 
index) rises. At 100 atm, the density of the purge gas surrounding the 
propellant flame is 100 times that of room air, and, since the flame can 
rise to 10 times room temperature or more, its density is an order of 
magnitude below the surrounding purge gas, creating very large density 
(and, therefore, refractive index) gradients at the edges of the flame. Large- 
scale turbulent flow structure should not be a problem with well-designed 
purge gas systems. Substituting typical values into the Reynolds number 
formula (propellant strand diameter of 0.6 cm, gas density and velocity 
governed by a solid density of 1.9 g/cm 3 , burn velocity of 1 cm/s, and mass 
conservation and gas viscosity at 3000 K) leads to a Reynolds number of 
about 1800, implying a completely laminar flame. However, if nonsteady 
combustion is modulating the flame structure, the dc beam steering caused 
by the density gradients cannot be rectified easily. Beam steering problems 
are likely to be most severe for the laser techniques that depend on beam 
alignment and crossing, i. e., CARS and LDV. 

Natural flame luminescence (either particulate-caused blackbody emis- 
sion or chemiluminescence) is a serious problem for either continuous wave 
(CW) techniques or pulsed techniques of extremely low sensitivity (such 
as Raman). Pulsed techniques of moderate or high sensitivity are helped 
by gating the signal to discriminate against the quasiconstant luminescence 
background. However, with high-power-pulsed diagnostic lasers, laser-driven 
particulate incandescence can be a severe interference. 11 

B. Nonintrusive Optical Diagnostics 

The diagnostic techniques to be covered in this chapter were indicated 
in Section I. A. Brief mention will be made of the extensive optical tech- 
niques for measuring particle sizes or densities (although such information 
is of great importance in metalized propellants to evaluate particle damping 
effects on combustion instability). No intrusive probe techniques will be 
discussed; they have been adequately covered before (see, for example, 
Ref. 12). Emphasis will be placed on those techniques with good spatial 
and temporal resolution, especially those that are chemically specific. Only 
those characteristics of the previously discussed optical diagnostics that are 
relevant to solid-propellant combustion will be covered. Detailed descrip- 
tions of the techniques, relevant signal strength formulas, and spectroscopic 
information can be obtained in the references cited herein. 

Each diagnostic technique will be covered in turn in the following sec- 
tions, but the techniques' general capabilities, in reference to the require- 
ments stated earlier, should be mentioned now. Current advanced laser 
diagnostics are capable of making nonintrusive measurements of species 
concentrations, temperature, pressure, velocity, and density on nano- 
second time scales and with spatial resolutions often below 50 |xm. Some 
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laser techniques are multidimensional, i. e., simultaneous multiple species 
(CARS, Raman, and even LIF), simultaneous species and temperature 
(CARS, Raman, and LIF), simultaneous velocity and pressure (LIF), si- 
multaneous one-dimensional (linear CARS) or two-dimensional (planar 
LIF) spatially resolved species and temperature, and simultaneous two- 
component velocity measurements (LD V) . 

These laser diagnostics have been successfully applied to such hostile 
combustion environments as full afterburner jet engine exhausts, 13 large- 
caliber gun muzzle flash, 14 supersonic combustion, 15 internal combustion 
engines, 16-20 MHD combustors, 21 coal combustion, 22 and even steady- 
state solid-propellant combustion at low pressure 5 - 9 10,23-36 and high pres- 
sure, 37-41 transient solid-propellant combustion at low pressures, 5 910 and 
pressure-coupled unstable solid-propellant combustion at high pressures. 42 

Although this chapter deals with the application of advanced diagnostics 
to nonsteady combustion of solid propellants, the literature on results from 
diagnostics applied to transient or unstable solid-propellant combustion 
environments is extremely limited. Somewhat more work has been applied 
to steady-state propellant combustion, often using diagnostic techniques 
of high temporal resolution, which, therefore, is relevant to nonsteady 
experiments. In addition, results acquired in nonpropellant flames, from 
diagnostic techniques deemed relevant to nonsteady propellant combustion 
studies, will also be covered. 

C. Review Papers 

Many review and overview papers or collections on the application of 
laser and other optical diagnostics to combustion research have appeared 
(see, for example, Refs. 12, 43-47, 50-55, 59-66, 301, 303, 307, 308, 312, 
and 313). Laser Raman techniques, including descriptions of the first ap- 
plications of CARS as well as imaging Raman as combustion diagnostics, 
are described in a Project SQUID workshop report. 43 Surprisingly, this 
first description of CARS combustion diagnostics 15 included imaging CARS 
applied to a supersonic H 2 freejet. A subsequent SQUID workshop report 44 
covered LDV, absorption/emission, fluorescence, Raman, CARS, inter- 
ferometric, and probe applications to combustion measurements. Several 
previous Progress in Astronautics and Aeronautics volumes have covered 
combustion diagnostics, including Volume 53 12 on probes, absorption/emis- 
sion, LDV, Raman, CARS, and interferometry, and Volume 92 45 on CARS 
(including high -pressure, temperature, and turbulent environments and 
resonance enhancement), LIF, Raman (including application to internal 
combustion engines), and laser tomography. An American Chemical So- 
ciety symposium series 46 included many papers dealing with LIF of atoms 
and molecules in flames along with applications of spontaneous Raman, 
CARS, absorption, and other techniques. Applications of LIF to flames 
have also been covered recently by Crosley 47-51 and Muller et al. 52 

An extensive review of general laser applications to combustion research 
(over 460 references) has been presented by Bechtel. 53 Eckbreth and Hall 
have presented several overviews on the application of CARS 54-57 and of 
a variety of optical diagnostics 58 60 to practical combustion environments. 
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Reference 59 contains a particularly thorough evaluation of spontaneous 
Raman, LIF, and CARS combustion diagnostics and their applicability to 
practical combustor environments. Several other review or overview papers 
have covered CARS, 61 " 63 with Ref. 63 being quite extensive. Spontaneous 
Raman combustion diagnostics have been covered by Lederman 64 and 
Lapp and Hartley, 65 among others, and a recent review of light scattering 
techniques for temperature measurement has appeared. 66 

II. Passive Optical Techniques 

Passive optical techniques do not involve monitoring scattered light that 
has interacted resonantly with the molecular or atomic species in a flame. 
Included are emission spectroscopy, the detection of natural flame chem- 
iluminescence, absorption, a combination (emission/absorption or line re- 
versal), and various refractive imaging techniques, such as shadowgraphy, 
schlieren, and interferometry. Most of these techniques do not necessarily 
require the use of a laser source. 

Many of these nonlaser techniques have been applied to solid-propellant 
combustion studies for the determination of chemistry or temperature. 

Emission and absorption spectroscopies have been used since the early 
part of this century as aids for determining species present in and properties 
of flames, constituents of stars, and for chemical analysis. Several books 
have been written summarizing the spectroscopy of many species relevant 
to flames, including solid-propellant flames. 67 ~ 70 

A. Emission Spectroscopy 

Molecular reactions can produce atomic or molecular species containing 
an excess of internal electronic energy. Polyatomic molecules may become 
electronically excited through internal conversion of vibrational energy to 
electronic energy. 68 Emission following production of an excited species 
through reaction is called chemiluminescence , and the spectral structure 
can be used to identify the emitting species. Hydrocarbon flames often 
show emission features due to CH, C 2 , and OH. Cool hydrocarbon flames 
include HCO emission (Vaidaya's hydrocarbon flame bands); hot flames 
with fuel nitrogen often show emission from CN, NH, and NO. Flames 
containing metals will show metal atom lines and metal oxide bands; for 
example, Fig. 1 shows AlO band emission spectra, taken in our laboratory, 
from an aluminized propellant flame. For solid-propellant flames, some of 
the most prominent spectral signatures come from atomic lines of trace 
impurity metals and molecular bands of their oxides and hydroxides and, 
in AP propellants, chlorides. 37 ' 38,71 In addition to structured emission, flames 
emit quasicontinua from chemiluminescent recombination reactions such 
as NO + O and CO + O, 37,38,71 as well as true continua from soot blackbody 
emission. 

A concern with emission measurements is that the observed signal is 
from excited state species created in energetic reactions of possible sec- 
ondary importance to the underlying flame chemistry. Its occurrence does 
not necessarily imply significant concentrations of the ground-state species. 
Likewise, the absence of emission from a particular species in a given area 
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Fig. 1 AIO emission from aluminized nitramine propellant. 



may not preclude its presence. Dyer and Crosley 72 have shown that, in the 
inner cone of a Bunsen burner flame, little or no ground-state OH was 
present (measured using the LIFtechnique). However, strong OH emission 
from chemiluminescence was markedly evident in this region. The ground- 
state OH concentration peaked in the outer part of the flame, where OH 
chemiluminescent emission was weak. 

Another problem with emission techniques is that the measurement is 
an integral over the line of sight. In addition, the temporal resolution is 
limited by signal integration requirements: the finer the resolution, the 
worse the signal-to-noise ratio. 

Emission spectroscopy has been applied to composite AP/NF propellant 
flames [Waesche 1966 (Ref. 73)] where CN, NH, and OH were seen and 
CN profiles were measured (1-mm thick at 20 atm). 

Recently, two groups have studied solid-propellant combustion using 
emission spectroscopy [Edwards et al. 71,73 and Campbell, 74 ' 75 both of the 
Air Force Astronautics Lab (AFAL), and Beyer 76 of the Ballistics Research 
Lab (BRL)]. AFAL researchers have studied AP and HMX composite 
propellants burning at up to 68 atm in their constant sample surface position 
stepper motor controlled bomb. 4 A survey between 280-800 nm showed 
OH, CN, NH, and small C 2 signals from HMX propellants and OH, CN, 
NH, CH, and again small C 2 signals from AP propellants at low pressure, 
with only CO + O continuum at high pressures. Detailed emission spectra 
were presented for OH and CN, and the CN profile in HMX propellants 
peaked at 700 jxm off the surface at 34 atm, whereas the OH signal was 
seen out to 1 cm. Figure 2 shows two-dimensional emission images of OH 
and CO + O emission from burning propellants taken by the AFAL 
group. 73 
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Fig. 2 Two-dimensional images of solid-propellant uv emission (300-360 nm): 
a) 87% AP propellant burning at 0.4 MPa; b) 87% AP propellant burning at 7 
MPa; c) 73% HMX propellant burning at 1.8 MPa. 73 



Beyer et al. 76 of BRL have looked at emission of liquid gun propellant 
droplets pyrolyzing in an atmospheric hydrocarbon air flame. They have 
presented two-dimensional emission images as well for OH and NH, and 
they have been able to locate combustion around individual droplets. 



B. Absorption 

Similar to emission, absorption is also species specific. Molecules will 
have some probability of absorbing a photon of light if the energy difference 
between a populated energy level and a higher one is equal to the photon 
energy. An absorption spectrum is obtained by measuring the attenuation 
of light passing through a sample. Attenuations below about 1% are dif- 
ficult to separate from light source noise, and this sets limits on the sen- 
sitivity of conventionai absorption measurements. Both species' identity, 
concentration, and temperature 77-80 can be determined with this method. 
Simple absorption techniques, involving one light source, generally meas- 
ure absorption over a path long enough to produce a significant attenuation 
and are, therefore, not spatially resolved. Optical tomography 81 can be 
used to deconvolute multiple line-of-sight absorption measurements into 
spatially resolved concentrations. The flame must be cylindrically sym- 
metric for deconvolution to be valid unless multiple tomographic slices are 
taken. For nonsteady combustion systems, this requires complex multiple 
parallel sources and detectors. 

The advantage of absorption measurements is the possibility of absolute 
calibration (i. e., freedom from quenching corrections that make absolute 
LIF measurements, discussed subsequently, so difficult). For species pre- 
sent at high enough concentration at some point in the flame to give 
measurable attenuations, absorption can be used to calibrate other tech- 
niques, such as LIF, that afford spatial resolution. 

Intracavity laser absorption is up to 10 6 times more sensitive than or- 
dinary absorption techniques; the cavity gain curve acts as an absorption 
"gain" device, allowing measurements of small concentrations that would 
produce unmeasurably small simple absorption attenuations. The possi- 
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bilities for applying this technique in a combustion environment have been 
discussed by Harris. 82 

Absorption measurements benefit from the use of narrow-band tunable 
laser sources, as this allows direct measurement of the line shape, 83-88 
which is required for accurate analysis of concentration or temperature. 
Absorption lines are broadened by both Doppler shift (a function of atomic 
or molecular velocity and, therefore, temperature) and by collisional broad- 
ening (which depends on pressure, composition, and temperature). The 
two effects are very roughly equal for atmospheric pressure flames, so that 
for low-pressure flames collisional broadening can often be ignored and 
line width easily calculated from the Doppler formula, whereas for high- 
pressure flames, such as are prevalent in solid-propellant combustion stud- 
ies, the collisional broadening can become controlling. Furthermore, col- 
lisional narrowing 85 ' 89 ' 90 may become important at higher pressures, further 
complicating line width calculations. In situ line width measurements in 
nonsteady combustion systems require rapid scanning tunable lasers. In 
the IR, tunable dioded lasers can scan over a line in less than 10 |xs, 83,91 
whereas in the visible and uv, Ar + ion-laser-pumped tunable dye lasers 
(with intracavity doubler crystals for coverage into the uv) can also be 
rapidly tuned over narrow-band regions. 88 

Some recent developments in absorption techniques provide spatial res- 
olution. An absorption technique using intrusive fiber-optic probes pro- 
vided 0.5-2-cm spatial resolution. 92-95 A technique called optical Stark 
shifting has been employed successfully to measure light absorption by 
CO 96 and Na. 97 Stark shifting of molecular levels occurs when an external 
electric field is applied to the medium. 98 Adjusting the strength of this field 
can bring molecular transitions into resonance with lines of a fixed fre- 
quency laser. In the experiments of Knapp and Hanson 96 and Goldsmith 
and Farrow, 97 the electric field was supplied by a high-power laser beam. 
This beam was crossed at right angles with a diode laser tuned slightly off- 
resonant of a CO or an Na transition. When the high-power laser was 
turned on, the Stark shift caused absorption of the diode laser beam by 
the CO, and the attenuation was detected. In this way, good spatial res- 
olution was obtainable, within the overlap of the crossed beams, as well 
as high spectral resolution from use of the tunable diode lasers that probed 
the IR absorption spectrum. 

Another method of providing spatial resolution for absorption meas- 
urements is saturated absorption. 99-101 A very high-power density laser 
beam is tuned to saturate a transition of a target molecule or atom. A 
second laser, crossed with the first, is tuned to the same transition as the 
pump laser, and a loss in absorption is detected when the first (saturating) 
laser is on (absorption goes to zero under saturation conditions). The loss 
in absorption then occurs only in the overlap region of the two laser beams, 
providing good spatial resolution. 

Absorption measurements through AP-hydroxy-terminated polybuta- 
diene composite propellant flames have been made using a high-temper- 
ature IR source and a rapid-scanning IR detector. 102 In these studies, 
oscillations in the range of 10-100 Hz or single transients were imposed 
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in the combustion chamber pressure. The C0 2 concentration was found 
to be in phase with the pressure oscillations, whereas the CO and H 2 0 
were 180 deg out of phase. Visible and uv absorption has been carried out 
on double-base solid-propellant flames by Heath and Hirst. 103 Heller and 
Gordon 310 also studied a double-base propellant flame using absorption. 

C. Absorption/Emission and Line Reversal 

Temperature information can be extracted from absorption, absorption/ 
emission, or line-reversal measurements, but some problems exist. 104 Dieke 
and Crosswhite 105 discuss the "fundamental method," which involves plot- 
ting the natural log of the line intensities measured divided by the transition 
probability for that line as a function of the rotational line energy. The 
slope of the resultant straight line is /k (kT), where T is the rotational 
temperature and k the Boltzmann constant. The shortcomings of this tech- 
nique are as follows: self-absorption has to be avoided by avoiding strong 
lines, the background signal must be subtracted, and, because this tech- 
nique involves line-of-sight measurements, temperature gradients along 
the path will produce an average temperature. This latter effect is very 
important when attempting to measure temperature inside of a flame sur- 
rounded by cooler gases. 

Eisel et al. 106 did IR emission as well as absorption/emission temperature 
measurements in composite propellant flames during unstable combustion. 
The temporal resolution supplied by the rotating mirror dispersive IR 
spectrometer instrument used, 400 spectra/s, was good enough to establish 
the intensity and phase-angle response of specific species emission or ab- 
sorption in relation to the pressure oscillations. 

Dodge and Bowman 314 discussed the preceding technique and also the 
line-reversal technique, which has been used extensively in the past to 
obtain flame temperatures. In the line-reversal method, a light source 
emitting at a wavelength corresponding to a transition of the species of 
interest is imaged through the flame onto a spectrometer slit, where the 
spectrometer is set at the transition wavelength. The source intensity is 
initially set so that an absorption line against the otherwise intense black- 
body reference emission is seen. Upon decreasing the source intensity, a 
point, called the "reversal" point, will be reached where the resonant line 
is seen in neither emission nor absorption. Decreasing the source intensity 
further would show emission from the species. The flame temperature is 
then determined from the brightness temperature of the source at the 
reversal point. 

There is a variation that can be used to obtain temperature on a time 
scale of 1 ms. 107 Fiber optics were used to deliver the light from a Standard 
lamp to the flame and the radiation from the flame to a photodetector. 
The wavelength was varied with a piezoelectrically tuned Fabry-Perot, and 
the signals were chopped in sequence to obtain the signal from the lamp, 
the signal from the gas, and the signal transmitted from the lamp through 
the gas. As a result of impurities in the manufacturing process, most pro- 
pellant flames have emission from trace atomic impurities, such as Na, K, 
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Ca, Pb, Sn, Fe, Cr, and Mg, 71,75 which could be used with this method. 
The line-of-sight nature of the technique would still be limiting in this 
application. 

D. Refraction Techniques 

There are several optical techniques that make use of the changing re- 
fractive index of flames (due to density changes from temperature, com- 
position, or pressure differences) to image the structure of flames. Because 
the refractive index of a gas increases steeply near resonant transitions, 
these techniques can be species selective. 108 Shadowgraphy responds to the 
second spatial derivative of the refractive index (i. e., density), schlieren 
to the first derivative, and interferometry to density itself. A related re- 
fractive index measurement technique is Moire deflectometry. 109 ' 110 Shad- 
owgraphy, schlieren, Moire deflectometry, and interferometry are well- 
established methodologies that have been amply covered in the literature 
(see references cited in Bechtel's review of laser combustion diagnostics 53 ). 
These techniques are most often used for qualitative flow visualization. 
However, similar to simple absorption, they are line-of-sight integrals, and 
reconstruction of the flame structure depends on assumption of axisym- 
metric distributions. Holographic interferometry 108111 ' 112 ' 301 promises free- 
dom from this requirement. The use of pulsed lasers for light sources in 
these techniques allows excellent temporal resolution for freezing super- 
sonic flows, shock waves, and other highly transient flow systems. 

Refractive techniques have seen limited use in solid-propellant combus- 
tion studies. Ohlemiller et al. 113 and DeLuca et al. 114 used shadowgraphy 
to study the flame structure during radiant ignition of solid-propellant 
samples. The flow close to the propellant surface was seen to be laminar, 
and the time to first gasification and height of the flame front could be 
measured. 

III. Active Optical Techniques 

Active optical techniques are processes that involve passing light into a 
system and measuring its effect on that system, beyond simple absorption 
or refraction. These include 1) monitoring of light scattered or re-emitted 
after interactions with molecules or particles in the flame, or 2) measuring 
other outputs (ions, sound, and thermal gradients) caused by the light 
absorption. Included are LIF, spontaneous Raman, CARS, LDV, and 
photothermal deflection, photoacoustic, photoionization, and laser- 
induced breakdown spectroscopy (LIBS). These are the diagnostic tech- 
niques that are most species specific and/or spatially and temporally re- 
solved, and most likely to be successfully applied to solid-propellant 
combustion environments. 

A. Laser-Induced Fluorescence 

Resonance absorption of laser photons at the proper wavelengths by 
atoms or molecules raises them to excited electronic states. One of the 
methods by which an atom or molecule can lose its excitation energy is by 
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re-emission of light as fluorescence. Since both the absorption and emission 
of light are resonant (wavelength selective), LIF diagnostics can be very 
species selective via dual choice of laser and detection wavelengths. LIF 
techniques are among the most sensitive of any optical diagnostics; under 
ideal conditions (i. e. , magnetic-trapped or phototrapped atoms) LIF signals 
can be measured from single atoms. 115 LIF-scattering cross sections are 
many orders of magnitude above those for Rayleigh or Raman scattering 
(see Sec. III.B.). 

Background flame emission (chemiluminescence or particulate incan- 
descence) can be discriminated against in LIF experiments by using pulsed 
lasers and gated detection. Lasers used in LIF typically have 5-20-ns pulse 
widths, and, although some fluorescent lifetimes can be greater than 50 
|jls, collisional quenching (see below) limits the LIF signal width to a mea- 
surement only slightly longer than the laser. Thus, with a 10-Hz repetition- 
rate laser and ca 20-ns gating, continuous flame emission is reduced by a 
factor of 5 x 10 6 . 

One of the drawbacks of LIF techniques is their limited scope. Only a 
subset of those species of interest in propellant combustion will fluoresce 
at wavelengths accessible to current laser systems, although this includes 
many simple radicals that are important drivers of the flame chemistry. 
Table 1 shows some of those species, relevant to solid-propellant com- 
bustion, that have been detected in flames with LIF techniques. (As in- 
dicated, a few of the species listed in Table 1 were detected in systems 
other than flames.) Generally, the laser is tuned to excite a single species, 
and the detection is designed to monitor fluorescence from the excited 
species only. However, in some cases, it is possible to simultaneously pump 
several flame species via overlapping transitions and use multiple detector/ 
filter combinations (or a spectrometer with multichannel detector) to follow 
several species at once. Jeffries et al. 116 have simultaneously detected OH, 
NH, CH, and CN by pumping overlapping transitions at 312.22 nm and 
monitoring spectrally separated emission. This capability to follow multiple 
species at once is very useful in either turbulent or transient systems, where 
species-to-species correlations, which are important to understanding flame 
chemistry and kinetics, would be compromised by nonsimultaneous mon- 
itoring. However, sensitivity, is obviously reduced from that for optimized 
detection of a single species. 

One solution to the limited scope problem lies in photolysis of larger 
precursor species into small fragments that are amenable to LIF detec- 
tion. 117 - 118 

For some species of interest in combustion, resonant transitions are too 
far into the uv to be reached with current laser systems. By making use of 
two- (2-$) and three-photon (3-$) absorption, these species can be made 
to fluoresce using readily available visible or near-uv laser wavelengths. 
Table 1 lists some multiphoton LIF results. However, other species cannot 
be measured by using LIF, including H 2 , CO z , N 2 , H z O, N 2 0, HCN, NH 3 , 
and various saturated hydrocarbons. They can be measured, however, by 
a complementary approach described later (CARS). The sensitivity and 
applicability of LIF techniques drop off rapidly as molecular complexity 
increases beyond simple diatomics. Molecules with more atoms have many 
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Table 1 Combustion intermediates seen with laser-induced fluorescence 

in flames 0 



Species 


Technique 


Example references 0 


OH 


LIF, LSF, PLIF 


Numerous 


Nf) 

1 1 V / 


LIF 


914 




LIF 


281 




24>, LIF 


282 (trace NO in atmosphere) 




2<P, LIF 


208 (cold flow) 




PLIF 


5, 9 (solid-propellant flame) 


N0 2 


LIF 


283 (low P N0 2 sample) 




LIF 


125 




PLIF 


5, 9 (solid-propellant flame) 


N0 3 


LIF 


284 


-'V v / 


LIF 






LIF 


285 




LIF 


122 




LIF 


121 


NH 


LIF 


286 




LIF 


172 




LSF 


212 




PT TTh 


j, y ^soiiu-propciiani iiamcj 


NH 2 


LIF 


121 


C 2 


LSF 


287 




LSF 


288 




LIF 


129 




PLIF 


136 


c 3 


LIF 


315 


CH 


LSF 


288, 214 




LSF 


289, 290 




rLlr 


1 16 

l-JO 


PN 


T W 


Z.OO, /.IH 




LIF 


129 




LIF 


38-40 (solid-propellant flame) 




PLIF 


5, 9 (solid-propellant flame) 


c 2 o 


LIF 


291 


CCN 


LIF 


292 


HCO 


LIF 


293 (photodissociation) 


H 2 CO 


LIF 


294 (air) 




LIF 


295 (air) 




PLIF 


10 (solid-propellant and wax flames) 


H 3 CO 


LIF 


296 


o 2 


PLIF 


145, 148, 297 
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Table 1 (continued) Combustion intermediates seen with laser-induced 
fluorescence in flames" 



H 


2$, LIF 


187, 311 




3<S>, LIF 


191 




Imaging, LIF 


1 AA 


O 


2$, LIF 


298 




2$, LIF 


193 




Imaging, LIF 


142 




Imaging, LIF 


145 


N 


2$, LIF 


298 




20, LIF 


299 


CO 


2<J>, LIF 


192 




Imaging, LIF 


149 


PAH» 


LIF 


300 (spray flame) 



"Measurements not done in flames are indicated. b PAH = polycyclic aromatic 
hydrocarbon. C SP = in solid-propellant flame. 

more rotational and vibrational degrees of freedom, more complex and 
overlapping spectra, and smaller relative populations in any chosen state 
(due to the increase in density of states). 

Whereas the LIF spectra of diatomics are usually relatively simple, even 
for triatomic species of interest in nitramine and double-base combustion, 
such as N0 2 119 or NCO, 120-123 the LIF spectra are extremely complicated, 
broad, and, therefore, weakened. There are possibilities for circumventing 
this problem in certain cases through the use of photodissociation. For 
example, Crosley 124 has developed a method for detecting N0 2 in the 
presence of NO by using one laser beam to photolyze the N0 2 to NO and 
another to perform LIF on the product NO (which has a much simpler 
spectrum). The differentiation between nascent and photolytically pro- 
duced NO results from the propensity of the photolysis process to produce 
high vibrational excitation in the product NO; by pumping hot-band LIF 
transitions, the nascent NO can be discriminated against. Alden et al. 125 
have also presented an NO/N0 2 LIF measurement technique. 

For molecules in flames at atmospheric pressure or above, collisional 
redistribution of rotational energy in the excited electronic state turns out 
to be much faster than the fluorescence emission process, and often faster 
than collisional quenching, so the emitted spectrum is usually partially 
thermalized. Significant emission can almost always be found away from 
exactly resonant fluorescence allowing 1) discrimination against Mie scat- 
tering in "dirty" flames and 2) laser light scatter off windows and fixtures 
in less than perfectly designed experiments on clean systems. Except for 
some hydrides, the high resolution of a spectrometer is required to dis- 
criminate against the scattered laser line while picking up fluorescence 
from nearby rotational lines. However, by monitoring transitions to a dif- 
f ering vibrational level in the electronic ground state, the emitted fluores- 
cence can be widely separated in wavelength from the exciting laser. LIF 
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experiments are then often possible in dirty systems by discriminating against 
strong Mie scattering using simple interference filters, with rejection ratios 
above 10 6 . 

This technique has the drawback of seriously limiting the sensitivity for 
some molecules as the strengths for 8v ± 0 transitions (v = vibrational 
quantum number) can be orders of magnitude below 8v = 0 transitions 
due to poor overlap of vibrational wave functions (Franck-Condon factors). 
The flame radical hydrides OH, NH, and CH fail into this category. For 
other important propellant flame species, such as NO and CN, the 8v + 
0 transitions are as strong as, or stronger than, 8 v = 0, and Mie scattering 
can be easily discriminated against without serious LIF signal losses. For 
OH, CH, NH, and other molecules with weak off-diagonal Franck-Condon 
factors, and in situations where relatively wideband detection is required 
(as in imaging LIF as discussed subsequently), it is important to pump the 
weak off-diagonal transition and monitor the strong on-diagonal one. The 
(usually) very high laser spectral radiance can be used to overcome the 
weak transition strength and give reasonable emission, rather than satu- 
rating the strong transition and monitoring weak emission. For CH, there 
is another technique for discriminating against Mie scatter without using 
direct 8v + 0 transitions. Garland and Crosley 126 have found very facile 
collisional electronic energy transfer between certain rotational levels of 
the B 2 %~ state and v = 1 levels of the A 2 A state of CH. This allows 
pumping of the B-X transition at about 392 nm while monitoring widely 
separated A-X (1, 1) emission at about 430 nm. 

Eckbreth and Verdieck 58 and Eckbreth 127 have described a source of 
particulate-caused interference, other than Mie scattering, in pulsed laser 
light scattering methods such as LIF. Small soot particles can be rapidly 
heated to very high temperatures via absorption of the laser energy and 
emit strong blackbody radiation. Because the emission is broadband, it is 
difficult to discriminate against with spectral resolution. This phenomenon 
is more of a problem with weak techniques with microsecond pulsed lasers 
(i. e., spontaneous Raman) than with strong techniques with nanosecond 
pulsed lasers (i. e., LIF). 

The LIF signal strength is actually a measure of the concentration of the 
specific quantum level pumped and is, therefore, temperature-dependent, 
as the population of the pumped level changes with temperature as de- 
scribed by the Boltzmann distribution. For accurate analysis of LIF signal 
strengths, the temperature must be known. In most molecular cases where 
high accuracy is not needed, the particular level pumped can be selected 
for minimum temperature dependence. For example, the population of 
the / = 7 level for OH radicals changes by only 17%, from 1000 to 3000 
K. In addition, it will be shown subsequently that this Boltzmann depend- 
ence can be used to obtain temperature from LIF experiments. 

The temporal resolution in most LIF experiments is excellent, as studies 
are almost always done with lasers having 5-20-ns pulses. This is much 
faster than all combustion processes except detonations. However, the 
repetition rate of most of these lasers is only 10-500 Hz. This limits them 
to essentially single-shot, or phase-angle, sampled measurements for most 
transient solid-propellant combustion experiments, with the possible ex- 
ception of slow cook-off. Therefore, the accuracy of time-dependent data 
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is tied to experimental reproducibility. Driven unstable propellant com- 
bustion could be sampled phase coherently. However, undriven unstable 
combustion experiments would have to fail back onto incoherently sampled 
probability density functions, unless the oscillatory combustion could be 
monitored separately — by a pressure transducer, for example. For tran- 
sient experiments where a high repetition rate is required, copper vapor 
laser pumped dye lasers could be used up to 10 kHz, and nearly infinite 
time resolution can be obtained by using CW argon ion laser pumped dye 
lasers (with intracavity doubling into the uv if needed 88 ). In the latter case, 
discrimination against flame emission by gated detection is lost unless the 
CW laser system is cavity dumped or mode locked. 

The spatial resolution of LIF experiments is also excellent. In single- 
point experiments, the laser beam can sometimes be focused to a waist 
less than 50 u,m in diameter, and the collection optics can be apertured to 
look at as little as 50 u>m of length along the beam. Using LIF, Bechtel 128 
reports easily resolving a flame front that was only 300 |xm thick. Single- 
point LIF techniques have seen extensive use in laboratory flames for 
species and temperature profiles. 

Single-point LIF experiments have also been carried out in solid pro- 
pellants both at atmospheric and higher pressures. Beyer and DeWilde 35 
and Vanderhoff et al. 36,129 reported N0 2 LIF measurements on cyclotri- 
methylenetrinitramine (RDX) and double-base propellants and CN LIF 
measurements on a triple-base propellant burning in room air. The CN 
LIF emission spectrum was acquired. Edwards et al. 38-40 at the AFAL 
have made CN and OH LIF profile (as well as LIF emission spectral) 
measurements on HMX, AP, and AN composite solid propellants burning 
at up to 18 atm. In their experiments, the propellant can be held at a 
constant height by a servomechanism 4 or can be allowed to burn down 
through the LIF collection zone to generate a profile (distance above the 
surface being related via the burn rate to time after deocculation of the 
laser beam). Figure 3 shows a CN profile measured by the AFAL group 
for combustion of a 73% HMX/10% polyester/17% trimethylolethane trin- 
itrate composite propellant at 18 atm. They found the most difficult aspect 
of propellant LIF experiments to be the increasing opacity of the flame at 
higher pressures, coupled with a drop in LIF signal intensity. The Mie 
scattering increased with pressure, implying more soot, and, despite re- 
jection filters, the scattered light added to the noise in the detected LIF 
signal. These researchers also found that the flame chemiluminescence 
interference increased with pressure as well: Fig. 4 shows the increase in 
the CO + O recombination chemiluminescence with pressure, with a con- 
comitant decrease in CN LIF, for an AP composite propellant flame. These 
experiments certainly point out the great difficulty of application of laser 
diagnostics (specifically LIF) to high-pressure solid-propellant flames, yet 
highly useful information was still obtained. 

1. Imaging Laser-lnduced Fluorescence (Planar Laser-Induced 
Fluorescence) 

If the diagnostic laser beam is formed by either cylindrical or multipass 
optics into a thin sheet and fluorescence collected with an imaging detector 
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Pressure, MPa 

Fig. 4 Change in emission and LIF intensity as a function of pressure for AP 
propellant combustion. 40 
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[imaging silicon intensified target (ISIT) vidicon or image-intensified diode 
array camera], then single-shot, spatially resolved, two-dimensional images 
of LIF signal intensity (and, therefore, species concentrations) can be ob- 
tained in a chosen planar slice through the flame. This technique, referred 
to here as planar laser-induced fluorescence (PLIF), 130,131 has great utility 
in either transient or turbulent combustion environments, as the species 
spatial profiles are obtained in a single laser shot. Many flame studies have 
made use of this, or similar, techniques (see, for example, Refs. 5, 9, 10, 
72, 101, 130, 132-151, and 304). PLIF experiments, which are likely to 
have great utility to nonsteady solid-propellant combustion studies, will be 
described subsequently in the form of work accomplished in our laboratory 
at the Naval Air Warfare Center (NAWC), [formerly Naval Weapons 
Center (NWC)]. 

Figure 5 shows the apparatus diagram for experiments in our laboratory 
utilizing temporally and spatially resolved PLIF diagnostics on C0 2 laser- 
ignited solid-propellant transient flames. 5 We have studied both pure HMX 
and a variety of heavily aluminized HMX-based composite-modified dou- 
ble-base propellant samples, and have obtained PLIF profiles for CN, 
NH,OH, CH, NO, N0 2 , H 2 CO, and OH rotational temperature. 5 910 The 
pyrolysis heat flux, supplied by a 100-W CO z electronically pulsed laser, 
was generally about 150 cal/cm 2 s. Ali of the work to date in our laboratory 
has been conducted at 1 atm. 
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Fig. 5 Block diagram of apparatus used at the Naval Weapons Center for PLIF 
measurements of combusting propellant ingredients. 
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The probe laser beam was generated with a Nd 3 + -YAG laser pumping 
a tunable dye laser that drives a nonlinear optics uv extension system. The 
system can cover between 217 nm in the uv and 900 nm in the near-IR. 
The diagnostic beam is expanded into a 1-2-cm x 0.1-0.5-mm sheet with 
a Galilean beam expander and a cylindrical focusing lens. The fluorescence 
is collected at right angles to the laser sheet using a simple quartz lens and 
an interference filter to select the spectral region of interest. As mentioned 
previously, Mie scattering from heavy particulate loading in these propel- 
lant flames precludes monitoring resonance fluorescence. Instead, pumping 
off-diagonal transitions [(1, 0) of the A-X system for both NH and OH] 
and monitoring on-diagonal emission [(1, 1)] or, for NO and CN, moni- 
toring red-shifted fluorescence from pumping (0, 0) transitions, allows 
adequate discrimination against Mie scatter (at least in these atmospheric 
flames). The detection scheme of Garland and Crosley 126 mentioned earlier 
was used for CH LIF. 

The filtered fluorescence signal was imaged with an intensified diode 
array camera. The intensifier, gated on for about 50 ns during the laser 
pulse to discriminate against flame luminescence, gives nearly single-pho- 
ton sensitivity. The array has 10,000 diodes in a 100 x 100 matrix, and 
the video signal is captured by a transicnt digitizer for transfer to a desktop 
computer for storage, analysis, and presentation. The resolution is about 
1-2 pixels (about 50-100 \xm). 

The controlling electronics allows independent control of the C0 2 laser 
pulse width and the delay between the beginning of the C0 2 laser pulse 
and the diagnostic laser pulse (and camera gate), which defines the time 
axis of our experiments. Because the YAG can cycle at only 20 Hz, only 
a single diagnostic shot per experiment can be obtained. Time-dependent 
measurements are, therefore, built up from successive experiments with 
different delay times. This relies on good sample-to-sample reproducibility 
to prevent distortion of the measured time dependence; we have found 
that most of our minor reproducibility problems can actually be traced to 
the C0 2 laser, not the samples. The system can also be used to study 
deradiative extinguishment, 114 by pulsing the diagnostic laser and detector 
after the C0 2 laser has shut off, and to study steady-state deflagration by 
using the CO z laser to ignite the propellant and then firing the diagnostic 
laser at a considerable time after ignition. 

Plate 2 shows PLIF profile time sequences for N0 2 and CN measured 
during ignition of pure HMX (see color pages for plates). The LIF signal 
intensities in these two-dimensional planar profiles are keyed by hatch 
density, as noted by the bars on the right. The values are arbitrary between 
species, but they are calibrated between frames for a given species. In the 
N0 2 images, the surface of the propellant appears as a line of scattered 
radiation just below the 1-mm mark (the bright marks on the lower left of 
all of the images are laser scatter off the leading edge of the sample). Each 
frame is measured with a single 5-ns pulse of the diagnostic laser, taken 
at the indicated delay time after the start of the pyrolyzing laser flux. Note 
the spherical gas-phase ignition kernel in the CN signal and the outward- 
moving N0 2 shell. The complicated spatial structure of the flames shown 
in Plate 2, and their rapid change with time, strongly points out the ad- 
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vantages of an imaging technique such as PLIF. Not only would single- 
point measurements have been much more time-consuming, their inter- 
pretation also would have been difficult, given the complicated structure. 

Figure 6 shows one-dimensional profiles calculated from the PLIF images 
through the centers of the flames for all species studied, except NO, for 
quasi-steady-state laser-supported deflagration of HMX. Also shown in 
Fig. 6, and described subsequently, is the PLIF-measured OH rotational 
temperature. (The NO z profile is from improved experiments taken after 
the PLIF images shown in Plate 2; the drop of the N0 2 signal toward the 
surface in Plate 2 was an artifact of the laser beam profile, absent in the 
data for Fig. 6.) The figure shows that the N0 2 signal (and, therefore, 
roughly, the NO z concentration) decreases monotonically through the "dark 
zone." This dark zone ends in a flame front that produces CN and NH as 
radical intermediates and raises the temperature to nearly the adiabatic 
flame value for HMX at 1 atm. The NO PLIF signal also disappeared at 
just below the thin CN/NH flame front, showing that this is where NO is 
being converted to N 2 . Our PLIF results agree well with recent detailed 
kinetic modeling of nitramine combustion 13 ; specifically, Melius' calcu- 
lations show N0 2 being converted continually through the dark zone into 
NO and demonstrate that reduction of NO to N 2 (in a flame producing 
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Fig. 6 Species and temperature profiles during steady-state laser-supported 
deflagration of HMX. 
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NH and CN profiles similar to those measured here) occurs only after all 
of the N0 2 has been converted. These results show that a synergistic 
combination of spatially and temporally resolved laser diagnostic mea- 
surements with computer modeling can go a long way toward understanding 
the fundamentals of propellant combustion. That the PLIF technique is 
useful even in particularly harsh propellant combustion environments is 
borne out by Plate 3, which is a CN PLIF image taken in our laboratory 
for steady-state (not laser-supported) combustion of a heavily aluminized 
composite propellant. 

2. Quenching 

For most excited states of molecules of interest in combustion, the natural 
lifetime, the average delay time to re-emission, is of the order of tenths 
of microseconds. However, this is many orders of magnitude longer than 
the time between gas-phase collisions for even atmospheric pressure flames 
(longer still for realistic rocket motor pressures). Thus, the sensitivity and, 
more importantly, the quantitative accuracy of LIF are severely compro- 
mised by collisional quenching — the nonradiative decay of excited-state 
energy (see, for example, Ref. 47). Collisional quenching is removal of 
fluorescent emission out of the passband of the detection system and, 
therefore, depends on the detection bandwidth. If the detection is very 
narrow-band, monitoring a single ro-vibrational line of the given electronic 
transition, then any collision that removes excited species out of the mon- 
itored level — say, to an adjacent rotational level — is quenching. At the 
other extreme of very wideband detection that collects light from all ro- 
vibrational transitions, quenching occurs only for those collisions that re- 
move electronic energy — by chemical reaction or energy transfer, for ex- 
ample — and deliver the species to the ground or other nonradiating state. 
For many simple species of interest in LIF studies, redistribution rates to 
adjacent rotational levels are faster than transfer to different vibrational 
levels or electronic quenching. Therefore, wideband detection maximizes 
LIF signals. Still, because quenching rates are much faster than sponta- 
neous emission rates, the vast majority (>99%) of the LIF signal is lost 
to quenching, and this makes quantitative LIF experiments difficult. 
Cjuenching is the most serious, problem-limiting applications of LIF 
techniques. 

There are several avenues of approach to handle the quenching problem. 
One method 152155 involves using low-pressure flames, narrow-pulse-width 
lasers, and high-speed detection to measure the quenching rate in situ by 
resolving the fluorescent decay time, which is inversely related to the total 
quenching rate plus natural radiative decay rate. However, at the high 
pressures relevant to solid-propellant combustion, this requires picosecond- 
level time resolution. Although picosecond pulsed dye lasers are com- 
mercially available, high-gain detectors, such as multichannel plate (MCP) 
photo multiplier tubes (PMTs), are too slow at 200 ps. 

If the temperature and concentrations of all the major species present 
in the flame are known or can be measured, the quenching rate for a target 
species can be calculated. 156 There are two major drawbacks to this method: 
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first, of course, if the necessity of measuring the concentrations of all major 
quenching species by some accurate diagnostic. Second, quenching rate 
constants have only been measured extensively (i. e., for a wide variety of 
quenching partners and differing rotational levels and over a range of 
temperatures) for the A 2 1, + state of OH (see, for example, Refs. 22, 48, 
49, and 157-165). Some quenching data are available for other species, 
such as CH, 126 ' 166 - 167 NH, 168 ' 169 and NS. 170 In a recent survey, Garland and 
Crosley 171 concluded that whereas OH flame-quenching corrections could 
probably be calculated to within 30-50%, for CH and NH the value is 
300%, due to the lack of extensive quantitative data. The outlook for other 
important species, such as NO or CN, is even worse. More work needs to 
be performed on collisional quenching rates at flame temperatures. 

Studies have shown that, in some cases at least, the quenching rate may 
not change much through flame f r0 nts. 153 ' 156 ' 172 ' 173 If only the shapes of 
the species concentration profiles are needed, then quenching can be ne- 
glected. Alternatively, for some species of significant concentration, ab- 
sorption measurements at one point in the flame can be used to calibrate 
LIF-measured profiles (see, for example, Refs. 174 and 175), or the cali- 
bration at one point in the flame can be obtained from the temperature 
and equilibrium calculations. 

Another way to overcome the problem of fluorescence quenching is by 
saturation of the transition (laser saturated fluorescence, or LSF). Consider 
a two-level system. 176,177 If the laser power is sufficiently high, the rates 
of absorption and stimulated emission become much faster than the quenching 
and spontaneous emission rates. The population of the excited state be- 
comes equal (to within degeneracy factors) to that of the ground state, 
and, therefore, the fluorescence emission is proportional to the ground- 
state population, independent of quenching. If the spontaneous emission 
rate and flame temperature are known, and collection efficiency is mea- 
sured (say, via Rayleigh scatter 178 ), then the concentration may be cal- 
culated on an absolute basis. With modern high-power pulsed lasers, it is 
possible to saturate the stronger transitions of many simple flame species 
of interest at atmospheric pressure or below. The drawback to the pre- 
ceding analysis is that no species of interest, other than some atoms, can 
be adequately described as a two-level system: even diatomics, for example, 
have a myriad of ro-vibrational levels that collisional quenching couples 
to both excited and ground states. Accurate LSF analysis must take into 
account the rates of all of these other coupled processes. In addition, as 
pressure increases, so does the quenching rate, and the required saturating 
laser power may either become unattainable or lead to laser-induced break- 
down, especially given the propensity of higher pressure propellant flames 
to be dirty. For example, Edwards et al., 40 were unable to saturate the 
OH A-X transition in an 8-atm AP propellant flame. However, several 
LSF studies have been carried out on species in atmospheric pressure flames 
(see Table 1). 

A variety of methodologies have been established to take into account 
collisional transfer between multiple rotational levels in the analysis of 
LSF. For example: collisional transfer from neighboring rotational levels 
into the one being pumped (to compensate for the lower than thermal 
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population) will increase the fraction of molecules participating in LSF and 
will lead to higher signals. However, collisional transfer out of the pumped 
level in the excited state (which is overpopulated) to other nearby rotational 
levels will act to decrease fluorescence emission from the specific pumped 
level. If these two rotational redistribution rates are equal, their effects 
cancel, and emission from the specific level pumped can be analyzed as 
for a two-level system. This is the balanced cross-rate model of Lucht et 
al. 179 It is valid only if narrow-band excitation and narrow-band detection 
of a transition out of the specific pumped level are monitored. If wideband 
detection is used, much larger signals will be measured, and analysis for 
absolute concentration depends on rotational redistribution rates. In the 
limits of fast rotational redistribution and relatively slow electronic quench- 
ing, in relation to the time scale of the laser pulse, integration of the rate 
equations shows that the two laser-coupled levels will rapidly reach steady- 
state equality of population, followed by establishment of equality of total 
populations for the ground- and excited-state rotational manifolds. 

Thus, in this limit, all of the ground-state molecules would contribute 
to LSF signals, and a two-level analysis can be applied. (Notice that 
"quenching" in this broadband case, to other rotational levels, is actually 
operating to maximize the LIF signal, not reduce it.) For OH in atmo- 
spheric flames, and for typical laser pulse widths, the various rates involved 
do not necessarily lead to simplifying limits, so that the analysis of broad- 
band LSF signals would require detailed modeling of rate equations and 
knowledge of the collisional quenching and rotational redistribution rates. 47 
In addition, if collisional quenching from the excited state to upper vibra- 
tional levels of the ground state is faster than vibrational energy redistri- 
bution within the ground state, then the balanced cross-rate analysis becomes 
invalid as the other levels act as a sink into which population drains. 180 
Other multilevel or time-dependent LSF analyses include those of Daily, 181182 
Chan and Daily, 183 Berg and Shackleford, 184 and Campbell. 316317 

Accurate calculation of species concentrations from LSF signals relies 
on careful definition of the laser beam spatial and temporal profiles and 
correction for the nonsaturated LIF signals coming from the tails of the 
distributions (where the laser power is not sufficiently high to saturate the 
transition). Salmon and Laurendeau 178185 and Cottereau 186 have presented 
spatial correction techniques based on measuring the lateral profile of the 
LIF signal and extracting the LSF signal from the centerline of the beam, 
where saturation is complete. The temporal problem can be handled by 
gated detection of only the peak of the laser pulse. These extra precautions 
will be considerably more important for high-pressure propellant flames, 
where the ability to use laser powers far above saturation will be limited 
by laser-induced breakdown or inability of current laser sources to supply 
the higher power levels required by the faster quenching rate. 

Lucht et al. 187 and Salmon and Laurendeau 178 have concluded that, for 
OH in atmospheric pressure flames, careful LSF experiments can be per- 
formed to an absolute accuracy of approximately ±15%. Carter et al. 188 
have addressed the feasibility of OH measurements with LSF in high- 
pressure flames using balanced cross-rate analysis. They found that if the 
ratio of electronic quenching (to v" ± 0) to vibrational relaxation is small 
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and rotational relaxation rates are approximately equal in the excited and 
ground states, then LSF of OH in high-pressure flames can be adequately 
analyzed with the balanced cross-rate model. However, if quenching to 
the ground vibrational bath levels is faster than vibrational redistribution, 
then the balanced cross-rate model would be inaccurate. 

One way to overcome quenching is by controlled removal of the excited 
state at a rate faster than collisional quenching. Photoionization controlled- 
loss spectroscopy 189 190 has been used to make absolute concentration meas- 
urements of atomic hydrogen in flames. Two-photon excited H-atom flu- 
orescence is monitored, but a second high-power laser is used to photoionize 
the excited H atoms before they can be collisionally quenched. Thus, the 
LIF signal, although reduced by the photoionization rate, is independent 
of collisional quenching, and absolute calibrations can be obtained. So far 
this technique has only been used in low-pressure flames. 

Under certain circumstances, i. e., for relatively long pulse lasers (mi- 
crosecond pulses in atmospheric flames) or for high-power lasers used in 
multiphoton detection of species that absorb in the vacuum uv, photode- 
composition or chemical reaction of the excited state may cause significant 
laser-induced chemistry, which can lead to either loss of LSF signal or 
generation of spurious LIF or chemiluminescent signals from new species 
or higher concentrations of naturally occurring species. S2140 " 142,191 " 195 The 
required laser pulse widths to stay away from laser-induced chemistry in 
high-pressure propellant flames may fail into the subnanosecond range. 
Care must be taken (via laser power dependence measurements, for ex- 
ample) to ensure that the LIF or LSF signals being measured are not coming 
from species being produced by the diagnostic laser beam. 

Two other sources of error in LIF experiments are radiation trapping 196 
and laser beam absorption. If the concentration of the species within the 
level corresponding to the lower level of the monitored transition is large, 
then re-absorption of emitted fluorescence can occur to the extent that 
either the absolute calibration is affected, the spatial structure is distorted, 
or no LIF emission escapes from the flame at all, i. e., it is trapped. If the 
concentration of the species within the lower level of the pumped transition 
is large, then the laser beam can be strongly absorbed, distorting the spatial 
structure of emitted LIF. Plate 4 shows NO PLIF signals measured in our 
laboratory during ignition of HMX. The NO concentration is so high that 
the 226-nm laser beam [NO (0, 0) 7 band] is absorbed within the first 
millimeter of the flame, leading to the extreme left/right asymmetry of the 
PLIF image. (Radiation trapping is less of a problem here because the (0, 
3) emission is monitored and the v = 3 ground-state level is less populated 
at the flame tempe rature.) These problems can be overcome by proper 
choice of exciting and monitoring wavelengths. 

3. Laser-Induced-Fluorescence Temperature Techniques 

Fluorescence techniques can also be used to measure flame temperature. 
Ali variations make use of Boltzmann population ratios to calculate tem- 
perature. Some involve seeding the flame with an atomic species with low- 
lying electronic levels (such as indium) and measuring population ratios of 
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electronic states. 197-202 Zizak et al. 203 have reviewed laser-excited atomic 
fluorescence temperature measurement techniques. Other techniques 
measure vibrational 134 ' 202,204 or rotational 146,205 - 207 population ratios of a 
nascent flame species, usually OH. These techniques all assume equilibrium 
between rotation (or vibration or electronic excitation) and translation, 
and, therefore, that temperature is a meaningful concept. Laurendeau 66 
has recently reviewed light-scattering techniques, including LIF, for tem- 
perature measurement. 

Most of the LIF temperature measurement techniques involve using two 
lasers, of different wavelengths, to pump two different levels of the target 
species. Fluorescence caused by each laser is monitored with two detectors 
(separation perhaps by slight time delays), and the ratio of the signals — 
and, therefore, the populations — gives the temperature via the Boltzmann 
equation. In many actual experiments, a single laser and a detector are 
used, and nonsimultaneous measurements are made at the two wavelengths 
by tuning the laser. This works only for stable flames; nonsteady combus- 
tion systems would require the complete two-laser/two-detector setup. Gross 
and McKenzie 208,209 and Gross et al. 210 have presented a variation that 
requires two lasers but only one detector: a delay path for one laser beam 
causes time-resolved LIF signals that can be separated for temperature 
analysis. 

Alternate techniques exist that require a single laser and a detector. If 
the tag species can be considered to be totally stable throughout the flame 
(i. e., not consumed or produced), then pumping a single level, chosen for 
good temperature dependence, will lead to an LIF signal that depends on 
local temperature and can be calibrated absolutely either via a known point 
in the flame or via absolute signal strengths and the known tag concentra- 
tion. Seitzman et al. 146 have used this technique, with NO seed, to measure 
single-shot temperature images (in a two-dimensional plane) in an unsteady 
rod-stabilized CH 4 /air flame. 

An alternate single-laser technique is thermally assisted fluorescence 
(THAF). 198,199 206 A single laser is used to pump the target species to an 
excited electronic state that is assumed to be thermalized before emission. 
The emission spectrum can then be used to extract temperature (possibly 
by using either two detectors to monitor two lines or a multichannel de- 
tector to monitor the whole spectrum). The collisional energy transfer 
dynamics within the excited states, in relation to individual state quench- 
ing rates, must be known to give accurate analyses. Nevertheless, Elder 
et al. 200 obtained excellent results using atomic THAF on indium seeded 
into a methane/oxygen/argon flame; the single-shot measured temperatures 
had a Standard deviation of only 11 K and agreed with Na line reversal 
within 15 K. 

The technique chosen for our work on propellant flames was narrow- 
band excitation of selected rotational levels of ground-state nascent OH 
radicals, via the P 2 (4), R 2 (17), and several R : lines of the (1,0) vibrational 
band of the A 2 X + - X 2 !? electronic transition, coupled with wideband 
detection of fluorescence in the (1, 1) band. Broadband detection is a 
necessity because of our requirement for imaging. 

Temperature measurements from LIF signal strengths will be in error if 
quenching of the excited level depends on the particular rotational level 
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pumped. Cattolica 205 has reported a variation that removes this rotational- 
level quenching dependence via pumping the same excited-state level from 
two different ground-state levels. He presented PLIF images of tempera- 
ture in a flame with this technique. The LIF signals from both transitions 
are equally affected by quenching, as they start at the same quantum state, 
and the temperature can be calculated from the fluorescence signal strengths 
and line transition probabilities. With a AJ of only 2, the sensitivity of the 
fluorescence intensity ratio to temperature is small, and this makes single- 
shot image experiments, required by the transient nature of the propellant 
combustion, very uncertain from the noisy nature of the signals. 

We chose to pump transitions that have large / differences but are close 
in wavelength. That gives higher sensitivity, but it makes the temperature 
calculations subject to quenching errors. However, the quenching rate in 
the flame is not found to be a strong function of the excited-state rotational 
level. 155 The rotational-level dependence for quenching appears to be as- 
sociated with long-range attractive forces that are less important for high- 
velocity collisions prevalent at flame temperatures. 163 For example, for CH 
at flame temperatures, the quenching rate changes by only ± 15% for 
rotational quantum numbers between 2 and 14, and it is also relatively 
invariant (± 10%) with flame composition (i. e., position in the flame). 173 

In addition, rotational energy transfer (RET) is faster than quenching. 126 
Since the rotational population distribution in the excited state is partially 
thermalized by this rapid RET before the molecules fluoresce (or are 
quenched), the system partially "forgets" which specific rotational level is 
pumped, thereby reducing further the effect of rotational dependence of 
quenching rates on the LIF-based temperature measurements. This is con- 
firmed in the present case by measured emission spectra that show nearly 
thermalized rotational populations with only a very slight bias for emission 
from the particular level pumped by the laser. However, the detailed 
rotational-level-dependent energy transfer and quenching rates must be 
known for a truly accurate analysis. 

The LIF data can be analyzed in two ways to obtain temperature. If the 
OH transitions are unsaturated, then the LIF signals are proportional to 
laser power (which is a constant), line strengths Q rr , which were obtained 
from Refs. 105 and 211), the degeneracy (g = U + 1), and the population 
in the pumped level and Eq. (1) can be used to calculate temperature from 
LIF signal ratios (denoted by subscripts 1 and 2). 

T = -[(E JV - E J r)/k]/A[(I 1 /IA*(g r f J2 . jr tg 1 .f J1 . J1 .)] (1) 

However, if the transition is saturated, then the fluorescence is independent 
of laser power and of the absorbing transition oscillator strengths, which 
are eliminated from the analysis, as shown by Eq. (2) 187 ' 212-214 : 

T = -[{E JV , - E n .)lk]l &{{hlh)*[{ygv + Vgv)l(Vg2r + yg 2 -)]} (2) 

The calculation was done for each pixel in the PLIF images, giving rise 
to a two-dimensional image of temperature. Alternatively, temperature 
could be calculated as minus the inverse of the slope of a linear least- 
squares fit of ^[IpJigr * frr)] {° r ^[^fl * (W + V g')] f° r saturated} 
vs EJk, where E r is the energy of the ground-state rotational level pumped. 
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This was done for selected profiles from PLIF images of five isolated R x 
transitions [and the P 2 (4) and R 2 (17)]. Figure 7 shows such a plot for the 
region just above the CN flame front during laser-supported deflagration 
of HMX. The temperature obtained, 2772 K, is close to the adiabatic flame 
temperature of 2920 K, showing complete combustion. Figure 6 shows the 
temperature profile obtained from PLIF results, and Plate 5 shows an OH 
rotational temperature PLIF image for HMX ignition. 

B. Rayleigh, Spontaneous Raman, and Coherent Anti-Stokes 
Ramai) Scattering 

Species relevant to solid-propellant combustion that cannot be detected 
using visible or uv absorption or LIF techniques are sometimes amenable 
to Raman or CARS spectroscopy. These species include H 2 , N 2 , CO z , 
H 2 0, N z O, HCN, and various hydrocarbons. Despite its complexity and 
cost, the CARS technique is often judged as the mostly likely to succeed 
in hostile dirty environments, such as that provided by solid-propellant 
combustion experiments. 

1. Rayleigh Scattering 

Rayleigh scattering is light scattered by gases in a nonresonant process 
without wavelength shift. It is not species-specific. Laser light Rayleigh 
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Fig. 7 Plot for OH rotational temperature determination. HMX laser-assisted 
combustion. Slope yields T of 2772 ± 35 K at height of 6 mm off surface. 
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scattering diagnostics, including two-dimensional imaging in a planar slice, 
have been quite useful in clean reactive and nonreactive flows, usually for 
measurement of mixing processes 215 ^ 218 or of temperature in flames, 219 ' 220 
via temperature-caused density changes. Rayleigh scattering has virtually 
no application to solid-propellant flames because the Mie scatter from 
particulates, present in nearly all of these flames, would greatly overwhelm 
the Rayleigh scatter from the gas phase. 

2. Spontaneous Raman Spectroscopy 

Raman scattering is the inelastic scattering of light by molecules and is 
species specific; the energy shifts are given by the vibrational and rotational 
modes of the scattering molecule. Stokes, or red-shifted scattering, occurs 
if the incoming photon gives energy to the molecule; anti-Stokes, blue- 
shifted, occurs if it picks up a quantum of energy from the molecule (as- 
suming the molecule has internal energy to give, i. e., is hot). 

Raman spectroscopy has been in use for many years, but not until the 
advent of the laser has this technique been truly viable for measuring species 
concentrations and temperatures in flames. The laser is a source of intense 
monochromatic light needed for successful attainment of Raman spectra, 
since spontaneous Raman scattering cross sections are extremely small, as 
much as three orders of magnitude below Rayleigh scattering and 10 orders 
of magnitude below molecular absorption cross sections. 53 ' 58,221 Even with 
a joule of input light energy, usually attainable only with very high-energy 
flash lamp-pumped dye lasers, a well-designed spontaneous Raman ex- 
periment on a major species in a flame may result in only a few hundred 
Raman-scattered photons collected per pulse. All molecules have Raman- 
active modes; if a vibration or rotation alters the polarizability of the 
molecule, then the molecule is Raman active. 

Figure 8 shows a schematic spectrum in a typical Raman experiment: 
most of the scattered laser light is elastic, i. e., the Rayleigh line at w 0 , 
pure Stokes and anti-Stokes rotational Raman occur nearby and to either 
side of the Rayleigh line, and vibrational Stokes and anti-Stokes Raman 
lines occur further separated and with superimposed rotational structure. 
Temperature can be calculated, via Boltzmann population analysis, either 
from the ratio of Stokes to anti-Stokes vibrational scattering or from the 
rotational or vibrational structure of Stokes or anti-Stokes bands. 

The intensity of the integrated Raman signal scales directly with incident 
power and the number density, and it is dependent on the Raman scattering 
cross section. Although the technique is species specific, it is nonresonant 
and does not require a tunable laser. 

Although spontaneous Raman has seen wide use in clean combustion sys- 
tems, the very low signal levels make it problematical in dirty flames, 127 where 
very large spectral rejection ratios are required to suppress the overwhelm- 
ing Mie scatter. Eckbreth 127 has also pointed out the problem of laser-driven 
particulate incandescence that would interfere with spontaneous Raman 
signals. Finally, both LIF from flame radicals and flame chemiluminescence 
can seriously interfere with Raman measurements. 40 129 172 222 All of these 
problems conspire to make spontaneous Raman measurements in high- 
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Fig. 8 Laser spontaneous Raman spectrum. (w 0 is the laser frequency.) 



pressure solid-propellant flames, especially where single-shot transient 
measurements are necessary, extremely difficult. Spontaneous Raman scat- 
tering experiments have been attempted in high-pressure solid-propellant 
flames with little success. 40 



3. Coherent Anti-Stokes Raman Spectroscopy 

CARS is a powerful diagnostic technique for application to combustion 
systems. It is nonperturbing (with the possible exception of sooting sys- 
tems), spatially resolved (1 mm X 100 (xm typically), temporally resolved 
(10 ns down to picoseconds), blue-shifted (allowing discrimination of LIF, 
flame luminescence, and laser-driven particulate incandescence signals), 
allows multiple species determination at once (dual broadband CARS 223- 
225 ), produces a coherent laser-beam-like signal that is easy to collect com- 
pletely (thereby giving discrimination against isotropically emitted inter- 
f ering light signals such as LIF and flame luminescence), and, due to the 
resonant enhancement and high collection efficiency, is many orders of 
magnitude stronger that a spontaneous Raman signal. Because of these 
advantages, CARS is thought to be the best optical technique for appli- 
cation to dirty combustion systems, and it has been applied to coal-fired 
MHD systems, 21 jet-engine exhausts, 13 and even solid-propellant flames 
at atmospheric pressure 23 " 34 and higher. 41 

There are many excellent reviews explaining the theory behind CARS, 
the experimental arrangements to obtain CARS signals, and the parameters 
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required to extract information (concentrations and temperatures) suc- 
cessfully from CARS signals (see Refs. 15, 44-46, and 53-56). The main 
topics will briefly be covered here, so that the advantages and problems 
that are relevant to probing high-pressure solid-propellant flames can be 
discussed. 

The CARS signal is produced through the nonlinear response of the 
probed medium to intense light waves. In practice, three laser beams (two 
in USED or coaxial CARS, discussed subsequently) are combined, phase 
matched, in the sample probe volume. The pump beam (at frequency w u 
see Fig. 9) is usually the second harmonic of an Nd 3 + -YAG beam with a 
wavelength of 532 nm. The Stokes or probe beam (frequency w 2 ) is usually 
produced by a dye laser, and its wavelength is chosen such that w l - w 2 
coincides with a Raman-active mode of the molecule being probed. The 
CARS signal scales roughly as the third power of the pump laser (if that 
laser is also used to pump the dye laser), so high-power lasers are advan- 
tageous. In broadband CARS, the dye laser is operated untuned, with 
output over a broad region of the dye fluorescent curve, and the CARS 
signal spectrum, containing the Raman rotational or ro-vibrational struc- 
ture, is acquired with an optical multichannel analyzer (OMA). The CARS 
or anti-Stokes signal at frequency 2w 1 - w 2 is produced by a polarization 
induced through the interaction of the laser fields through the third-order 
susceptibility of the medium. 

Other linear combinations of these frequencies are also produced. 226 
Fitting the shape of the signal as a function of {w l - w 2 ), i. e. , the rotational 
fine structure, allows the temperature to be determined, and the concen- 
tration is obtained either through the signal intensity or sometimes by the 
analysis of the resonant signal shape in relation to the nonresonant back- 
ground. 57 Analysis for absolute concentration is complicated by the squared 
density dependence of CARS signals and interference from nonresonant 
(and nonspecies-specific) backgrounds. 

The third-order susceptibility is included in the third term in the expan- 
sion of the medium polarization as a power series in the optical field 
intensity. The first two terms of the expansion are responsible for absorp- 
tion and refraction, including Raman and Rayleigh scattering (first term) 
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Fig. 9 Energy-level diagram for CARS generation. Solid lines represent real 
levels. 
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and for second harmonic generation (second term). The third-order term 
[A r(3) £' 3 ] is responsible for CARS, third harmonic generation, stimulated 
Raman scattering, and others. 

Usually, X ( - 3) is given by the following equation (isolated line approxima- 
tion 57 ): 

X^ = (INcVhw^ ^^(Ap^)(l/2(w (/ - Wl + w 2 ) - iT if + Z NR 

where the summation is over all Raman-active transitions, kp\f> = 
pjP - ,/? (0) being the zeroth-order term of the perturbation expansion 
of the density operator, p(t); N the number density of resonant molecules; 
T t f the collisional or Lorentzian damping constant (pressure-broadened 
isolated linewidths) and the rate at which the coherent oscillation driven 
by w x and w 2 is dephased by collisions; c the speed of light; h = Planck's 
constant/2ir; w 2 the frequency of the Stokes beam; w 1 the frequency of the 
pump beam; w^the frequency of the Raman transition; dcr/dfl the differ- 
ential Raman scattering cross section per molecule; and X™ R the real, 
nonresonant, nondispersive background contribution to the Raman sus- 
ceptibility for all of the molecules in the mixture. The p nn are matrix 
elements; p nn = (n/p/n), where n is quantum state n. 

The differential Raman scattering cross section is given by da/dfl = (w 2 / 
c) 4 af f , where a if is the matrix element of the polarizability. In the absence 
of laser saturation of the medium, and if the rotational and vibrational 
modes of the molecule are in mutual equilibrium with the translational 
degrees of freedom, then from the Boltzmann equation: 

= [gj(2J + l)/Q v QJ?)]exp[-EJkT\exp[-BAJ + l)/kT\ 

The isolated line approximation is not valid if there is collisional coupling 
between off-diagonal density matrix elements. In this case, X^ 3) can be 
expressed by 

r s 

where G rs = i(w x - w 2 - w r )5« + (T r /2 - iA r )8„ + -y ra (l - 8„), y rs the 
off-diagonal linewidth parameters, and A r the line shifts. The -y„ parameters 
represent the rate of energy transfer between states. Overlap is governed 
by the isolated linewidths and the spacing between adjacent lines. 

Collisional narrowing occurs under these conditions and is an important 
consideration at high pressures, when spectral fitting is done. At high 
pressures (>1 atm for N 2 ), individual lines broaden and begin to coalesce, 
leading to coherent line mbdng and, from state-to-state relaxation, to col- 
lisional narrowing. 227 Simple scaling/fitting laws have been applied in Ra- 
man spectroscopy for N 2 , CO, and NO. 228 For moderate pressures, G~ l 
can be approximated to first order in pressure. 57,229,230 Collisional narrow- 
ing of CARS spectral lines, important at the high pressures relevant to 
solid-propellant combustion, have been discussed and measured, and scal- 
ing laws, which approximate state-to-state transition rates, have been used 
to fit experimental data. 54 ' 227,229-232 
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Figure lOa shows the CARS spectra of nitrogen gas at different pressures 
compared with different methods of fitting, 227 and Fig. lOb shows the 
CARS spectra of N 2 for varying pressures and temperatures. 233 Hall et 
al. 234 have shown that for N 2 at 300 K, after an initial narrowing of the 
spectral profile up to 5-10 atm, the bandwidth remains approximately 
constant with increasing pressure out to about 100 atm. Failure to handle 
adequately these linewidth corrections, which become more important for 
high-pressure and temperature flames such as those found in solid-pro- 
pellant combustion studies, leads to serious inaccuracies in recovering tem- 
perature and densities from CARS signals. 

The resonant part of Z (3) contains the information about temperature 
and concentration and must be separated from the X NR contribution to 
the CARS signal before processing. This is most important if the Raman 
mode is weak or if the mole fraction of the probed species is small. If the 
mole fraction is large, then the nonresonant portion becomes small com- 
pared with the resonant portion and is not as large a source of interference. 

Polarization techniques have been applied to subtract out CARS non- 
resonant background signals, thereby reducing interference with deter- 
mination of minority species. 60 - 235 - 237 The resonant term contribution arises 
mainly through the nuclear response of the molecule, whereas the non- 
resonant part has mainly an electronic origin. There are certain pump and 
Stokes beam orientations that will maximize the angle between the pump 
and Stokes polarizations and the source polarizations for the nonresonant 
contribution. Use of a polarization analyzer normal to the nonresonant 
vector will suppress the nonresonant signals, with some loss of the resonant 
contribution as well. For isotropic Raman modes, a factor of 16 loss in the 
resonant mode signal accompanies the nonresonant suppression. 232 Sup- 
pression by polarization techniques is best used when signal levels are large. 
Small signal levels limit the success of the suppression due to inadequate 
detection sensitivity. 

Another method of nonresonant background suppression involves pi- 
cosecond mode-locked lasers. 57 One of the pump beams is delayed long 
enough to allow the occurrence of electronic but not nuclear dephasing. 

The intensity of the CARS beam generated in an isotropic medium (if 
phase matching exists) is given by 

/ 3 = (4tt 2 wVc 2 « 3 ) 2 /i/ 2 |3X< 3 >| 2 L 2 

where n 3 is the refractive index of the medium at w 3 , I x and I 2 the pump 
and Stokes beam intensities, respectively, and Lt the interaction length 
wherein the CARS wave is generated. If and w[ are not equal (i. e., 
two different pump beams), then the 3 preceding ^ 3) must be replaced 
by a 6 to satisfy symmetry requirements. 57 - 238 

Shot-to-shot fluctuations of laser power and beam steering due to tur- 
bulence of the medium, leading to changes in the beam overlap, will affect 



tPhase matching is not exact. Because of medium dispersion, n 3 is not the same for all 
frequencies; therefore, a coherence length, L c , is better used in the equation. L c = -ir/Aft, 
where Ak = k, - 2k l + k 2 , the phase mismatch. The quantity L 2 (2L c /ir) 2 sin 2 (Lir/2L c ) 
replaces L 2 . 
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Fig. lOa Experimental (solid) and theoretical (broken) CARS spectra for N 2 at 
various pressures. Dashed line shows isolated line approximation, dot-dash shows 
rotational diffusion model, and dotted line shows G-matrix inversion with 
exponential gap model. 227 



&A1AA 

HiV)nM\himttltiiinH?ttm\aiiiM4ip Purchased from American Institute of Aeronautics and Astronautic: 



NONINTRUSIVE TECHNIQUES 



295 



1 n- 
I .u 


a) / 




0.5 
0.2- 


1700K/1ATM/ / 




c0.2- 

CD 


1400 K/ 1 ATM/ / 


1 


c 






0.2" 


700 K/ 1 ATM J J 




0.2- 


300 K/ 1 ATM J 






23bo 2330 CM 


1.0- 


c) f 




\J.sJ 

0.2- 


1800 K/ 18 ATM /I 




'1 0.2- 

© 
-*— 


1400 K/ 16.5 ATM/ 




c 






0.2- 


™,.J 




0.2- 


300 K/ 20 ATM 7 





1.0- 


b) / 




u. o— 
0.2. 


1600 K/ 10 ATM /j 




'g 0.2- 

CD 


1500 K/ 10 ATM / J 




0.2" 


— s\ ~r J 

1400 K/ 10 ATM/ 




0.2. 


300 K/ 10 ATM J 





23bo 2330 CM " 1 



2^00 23*30 CM 



(Oj - co 2 



1.0- 






0.5- 
0.2- 


1700 K/ 38 ATM // 


L 


|0.2- 

0 
■♦— ' 


1600 K/ 30 ATM/ 




C 






0.2- 


1200 K/ 33 ATM/ 1 




0.2- 


300 K/ 30 ATM / 






23b0 23 l 30 CM 



co 1 - co 2 
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the CARS intensity measured. Measurement of signals from the nonre- 
sonant susceptibility can be used as an in situ reference of these changes, 
and signal shape, in relation to the nonresonant background, can be used 
to obtain concentrations instead of using line intensities. 55 

The temporal resolution achievable depends on whether a narrow-band 
or broadband dye laser is used. Use of a broadband dye laser will produce 
a f uli CARS spectrum in a single laser shot, the spectral resolution mainly 
determined by the detector. Use of a narrow-band dye laser necessitates 
scanning through the dye curve to obtain the CARS spectrum, the reso- 
lution determined by the dye laser linewidth. Therefore, the narrow-band 
method will produce high-resolution CARS spectra, but it can only be used 
in a steady system, as CARS is nonlinearly dependent on density and 
temperature. Broadband CARS is preferred for nonsteady combustion 
environments. 

Spatial resolution for CARS depends on the geometry of the intersecting 
beams. The beams must be phase matched to produce the best CARS 
signal, and this is a constraint on the geometries possible. Phase matching 
(i. e., 2k x = k 2 + k 3 ) is obtainable using the collinear CARS geometry, in 
which the input beams are aligned parallel to each other. They are generally 
focused at the point of interest in order to increase both the intensity of 
the CARS signal (I 3 depends on I\I 2 ) and the spatial resolution. The spatial 
resolution depends on the focal length of the lens used. Problems with this 
geometry are that CARS signals can occur not only at the focal point, but 
also from outside of it. If the point of intersection is a hot region inside 
of a cold envelope, significant CARS signal from the higher density cold 
region may mask the signal from the hot region. In a variant of collinear 
CARS, called USED CARS, 13,16,225 the w 2 beam is directed through the 
central core of the "doughnut hole" of an unstable resonator w x beam. 
The edges of the w 1 beam are crossed at the interaction zone with the w 2 
beam by a focusing lens. The resolution obtained was a cylinder of 0.1 mm 
diam and 50 mm long. 

To produce CARS signals only at the focal point, BOXCARS is used. 
As good as 50-|xm spatial resolution is obtainable for BOXCARS. Here, 
the pump beam is split into two beams which are then crossed at a half 
angle a. The Stokes beam comes in at an angle $ at the point of intersection 
of the three beams. If the phase matching is confined to a plane, the 
technique is called planar BOXCARS; if the phase matching is in three 
dimensions, it is called folded BOXCARS. These techniques produce a 
CARS signal at a point. 

It is possible to measure CARS signals spatially resolved along a linear 
slice through a flame. 226 ' 239 ' 240 CARS along a line can be produced by 
expanding the w x beams into sheets before intersection. This affords con- 
siderable advantage in propellant flame studies by giving high spatial res- 
olution in a single laser shot, thereby capturing the flame species concentration 
profiles above the burning surface. Noncoherent Raman scattering has also 
been used for two-dimensional planar slice imaging, 241 but the signal strengths 
are far below those obtainable from CARS. 

Because of the relatively low scattering cross section and squared fail 
off with decreasing density, CARS is normally applied only to majority 
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flame species (above about 1%). Minority species can be measured with 
CARS if resonance enhancement is used (a second of the "virtual" CARS 
levels is close to a real quantum state). Resonance-enhanced CARS has 
been applied to OH, 242 N0 2 , 243 C 2 , 244 and NH 2 . 245 

There have been several additional recent advancements in CARS spec- 
tral interpretation relevant to propellant flame diagnostics. Accurate line 
shape convolution techniques have been presented, 246 and the effect of 
multimode vs single-mode yttrium aluminum garnet (YAG) laser beams 
on the CARS signal has been determined. 247 302 The effect of laser trans- 
verse modes on the CARS conversion efficiency has also been covered. 248 
The problems of C 2 formation from soot and subsequent LIF interference 
have been discussed. 11 - 58 - 249 - 250 - 3 " 5 Work has been conducted 229 - 230 - 251 - 253 
on the application of CARS to very high temperature and pressure systems 
(relevant to hot solid-propellant flames). 

CARS has been applied to propellant flames by three groups: Harris et 
al. at the U.S. Army ARDC, 23 " 34,309 Fleming 41 at the NRL, and Weaver 
et al. 254 at the AFAL (formerly Air Force Rocket Propulsion Lab). The 
AFAL group measured N 2 Raman signals from high-pressure propellant 
flames and attempted CARS as well. 

The NRL group applied BOXCARS to double-base propellant and neat 
HMX flames at 40-60 atm. They utilized two reference systems: one nor- 
mal external reference path and another signal obtained by re-forming the 
beams that exit the combustion bomb into another reference cell. This 
second reference allows them to assess the quality of beam transmission 
through the high-pressure (possibly turbulent) flame. The CARS laser was 
timed to fire a given time after the beam path was cleared by the regressing 
sample. The resolution is quoted as being in the hundreds of microns (i. e., 
not in the "dark zone"). The NRL group used He or Ar combustion bomb 
purge gas while measuring an N 2 CARS signal. They have not yet obtained 
a signal good enough for the purposes of calculating a temperature. Prob- 
lems they have encountered include laser breakdown caused by the two- 
phase nature of the flame (even with neat HMX). Beam steering by tur- 
bulence was not found to be a serious phenomenon unless He was used 
as a purge gas. 

The most extensive work on the application of CARS to propellant 
combustion has been done by Harris et al. 26-34 and Aron. 23 25 In addition 
to model CH 4 /N 2 0 flames, they have studied nitramine low vulnerability 
ammunition (LOVA) and double-base propellant flames (mostly at 1 atm). 
They have also studied gun muzzle flash with H 2 CARS. They generally 
have used the BOXCARS configuration for spatial resolution. In double- 
base flames, Harris 26 ^ 29 measured the N 2 CARS temperature in the burnt 
gas region to be 2500 K (vs a thermodynamic equilibrium temperature of 
2600 K). Soot was not a serious problem, but occasionally large chunks of 
propellant would physically block the laser beams. 

In RDX LOVA studies, Harris observed CARS signals from RDX (NO z 
asymmetric stretch, perhaps from an entrained condensed phase), HCN, 
CO, C0 2 , H 2 , N 2 , 0 2 , H 2 CO, CH 4 , and low levels of NO (Fig. 11). The 
RDX and HCN concentrations were high only near the propellant surface, 
and H 2 CO, CH 4 , and O z were only seen there as well. RDX and HCN 
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Fig. 11 Time-averaged CARS spectra from nitramine propellant flame. 33,34 
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fell to zero at about 2 mm. NO was low at the surface and stayed constant 
up to 4 mm, where it dropped. H 2 and N 2 were low at the surface but 
increased with height. CO was strong at the surface and increased with 
height. Neither N z O nor N0 2 signals were seen. However, Harris was 
unable to obtain CARS signals from NO z even in a closed cell with 50- 
500 Torr on NO z present. The NRL group has also been unable to obtain 
N0 2 CARS signals from cells of N0 2 . The gas temperature (from H 2 
rotational CARS) was about 900 K at the surface, rising to 1500 K at 4 mm 
and sharply rising to 2000 K beyond 4 mm. 

Harris' group has also tried CARS on propellant combustion at high 
pressures (20 atm). They have seen problems with laser breakdown (in Ar 
purge flow, less in He) and with refractive index gradient steering. They 
were unable to obtain H 2 CARS signals in these early attempts. 

Despite early problems with the application of CARS to high-pressure 
solid-propellant flames, it is likely that, with the proper choice of propellant 
sample and perhaps a somewhat lower pressure, CARS will be able to give 
important insights into the fundamental structure and chemistry of high- 
pressure solid-propellant flames. The imaging variant will be especially 
useful to nonsteady propellant combustion studies. Although the nature 
of the CARS experiments requires lasers limited to about a 20-Hz repetition 
rate, nonsteady and transient combustion can still be studied using phase- 
or delay-time-correlated measurements. Results from these types of ex- 
periments are likely to be obtained in the near future. 

C. Laser Doppler Velocimetry 

LDV makes use of the Doppler shift of coherent monochromatic laser 
light scattered off particles in a flow to determine the velocity of those 
particles (and, therefore, given certain assumptions, the flow velocity). 
Since the Doppler shift is tiny, it is measured by heterodyning the scattered 
signal against a reference (reference LDV) or heterodyning light scattered 
off two beams that cross at a given angle (differential LDV, much more 
common). The differential technique measures that component of the par- 
ticle velocity vector that is in the plane of the two laser beams and projected 
perpendicular to their bisector. Three-beam LDV (using the two colors 
from an argon laser, for example) can measure two of the three components 
of the velocity vector. LDV is a well-established velocity measurement 
technique (see, for example, Ref. 255), and commercial turnkey systems 
have been available for a long time. LDV has seen extensive use in fluid 
dynamics investigations, including combustion (see, for example, Ref. 256); 
its obvious use in nonsteady solid-propellant combustion studies is making 
in situ temporally and spatially resolved measurements of gas velocity 
coming off a burning propellant sample, especially under unstable com- 
bustion conditions. 

LDV experiments are usually single-point measurements with spatial 
resolution, given by the laser beam crossing volume, of under 100 u.m 
(along the direction of the sampled velocity component), and temporal 
resolution limited only by the particle arrival rate (i. e., particle density). 
It is sometimes possible to obtain particle diameters from analysis of LDV 
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signals, either by absolute scattered signal strength or by visibility analysis 
(visibility is the ratio of the heterodyne ac signal to the dc pedestal) . The 
accuracy of the LDV technique is generally limited only by the possibility 
of lag between particle velocity and gas velocity (as well as problems in 
turbulent systems from velocity-biased averaging). Small light particles are 
desirable in highly turbulent or nonsteady flows. Although propellant flames 
close to the surface are likely to be of low vectorial acceleration (low 
turbulence), they obviously have nonzero scalar acceleration as the gas 
and particles start out at zero speed at the surface. 

The time response of the particles becomes even more important in 
nonsteady propellant combustion flows. A ballpark calculation shows that 
10- and 100-|jim particles would have approximately 0.2- and 20-ms re- 
sponse times in a typical propellant flame. If the propellant were burning 
at 1 cm/s, then the 10-\xm particle would take a millimeter or two to catch 
up, whereas the 100- (im particle virtually would never catch up with the 
flow. Cinephotography of burning aluminized propellants (work done by 
Don Zurn at the Naval Weapons Center (NWC) shows that not only do 
large aluminum agglomerates not folio w the flow, they sometimes fail back 
onto the surface under the effect of gravity. 

Although LDV has seen use in rocket plume particle velocity and size 
measurements (see, for example, Ref. 257), its application to the actual 
propellant combustion environment has been limited. Caveny et al. 42 made 
LDV measurements of velocity above double-base and AP composite pro- 
pellants burning under an imposed oscillatory pressure, thereby making 
direct measurements of the propellants' acoustic admittance. A laser-based 
surface position detector and feedback system kept the LDV probe volume 
at a constant height above the surface, and LDV realizations of velocity 
were keyed to the phase angle of the excitation function. Figure 12 shows 
the velocity curve for a double-base flame burning under an imposed sine- 
wave pressure load. Figure 13 shows the propellant acoustic admittance 
response function measurements resulting from this study. 

This experiment made use of naturally occurring particles in the pro- 
pellant flames. This may lead to significant sources of error. As mentioned 
earlier, very large particles may be ejected from the surface, and these 
may not follow the gas flow at all. In addition, the natural particle-size 
distribution constantly changes through the flame as some of the particles 
reduce in diameter as they burn. If the velocity profile very close to the 
surface is not needed, complicated feedback systems to maintain the LDV 
probe volume at a given height above the surface may not be needed. In 
our laboratory, we have maintained approximately constant strand burning 
surface position with the simple mechanism of spring loading the strand 
from below and stretching fine tungsten wires across the top of the sample 
(obviously away from the region of the flame to be probed). 

In light of the obvious success of the LDV-based technique for directly 
obtaining propellant acoustic admittances, it is surprising that similar ex- 
periments have not been reported. (Caveny's paper has not been cited in 
the literature.) 

There are other laser-doppler-based techniques for measuring velocity 
that do not rely on particles, but these are more applicable to clean non- 
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Fig. 12 Measured velocities for M26 double-base propellant burning at 0.59 
MPa. 42 

reactive flow situations than solid-propellant flames. For example, Mc- 
Daniel et al. 258 have obtained full velocity vector field measurements in a 
chosen planar slice via PLIF measurements on gaseous iodine seeded into 
the flow. LIF measurements of transit time of an optically induced flow 
disturbance can also be used to measure velocity profiles (see, for example, 
Ref. 259). 

D. Photothermal, Photoacoustic, Photoionization, and Laser-Induced 
Breakdown Spectroscopies 

In this section, a variety of other laser-based flame diagnostics that have 
possible application to solid-propellant flames are discussed. Because of 
limitations in spatial resolution or inability to handle dirty flames, these 
are less useful than those covered earlier. 

1. Photothermal Deflection and Photoacoustic Spectroscopy 

These are two variations of the same effect. If light from a resonantly 
tuned pulsed laser is absorbed by a flame species, the majority of internal 
energy will be lost by nonradiative collisional transfer to vibration, rotation, 
and translation. In short, the beam volume will heat up and increase in 
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Fig. 13 Measured acoustic admittance magnitudes and phase angles for M26 
double-base propellant combustion. 42 



pressure due to the thermal energy deposition. In photothermal deflection 
experiments, this temperature rise causes refractive index gradients, which 
steer a low-power secondary diagnostic laser beam, usually from an He- 
Ne laser. A position-sensitive detector then gives a signal that is propor- 
tional to the integrated absorption of the primary (pulsed) diagnostic laser 
beam in the region near the secondary probe beam. 260-262 Some spatial 
resolution can be obtained by crossing the pump and probe laser beams 
at a nonzero angle. Under conditions of low absorption and absence of a 
large pressure pulse, gas flow velocities can be measured from the transit 
time of the photothermal disturbance. 263,264 Photothermal deflection ex- 
periments are extremely sensitive to density (and, therefore, refractive 
index) gradients as might be present in turbulent or nonsteady combustion. 

If the laser power is larger and the absorption is high, the photoacoustic 
effect — a transient pressure rise along the beam volume — can be moni- 
tored with microphones. It is a Standard detection technique [for example, 
with Fourier transform infrared (FTIR) spectrometers]. First detected in 
flames for sodium atoms by Allen et al., 265 it can also be used to detect 
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flame radicals. 266 The effect can be quite strong: in LIF experiments on 
OH, in a Bunsen flame for example, it is easy to tune the dye laser to the 
resonant transition by listening across even a noisy laboratory for the pho- 
toacoustic ticking. Photoacoustic spectroscopy is strictly a line-of-sight in- 
tegral technique (although there is the slight possibility of two-color 
multiphoton photoacoustic spectroscopy with two crossed laser beams to 
supply spatial resolution). Photoacoustic deflection experiments can also 
be used to measure temperature 262 - 267 : two CW secondary diagnostic beams 
measure the transit time of the pressure pulse and, therefore, the local 
speed of sound, from which temperature can be calculated. 

The advantage of both photothermal deflection and photoacoustic spec- 
troscopies is the freedom from quenching and, therefore, the promise of 
absolute calibration (although the photoacoustic effect in a closed volume 
is complicated by internal reflections) . 

These techniques have not seen use in solid-propellant flames. Nonsteady 
propellant flames are likely to have significant transient refractive index 
changes that may degrade the signal-to-noise ratio of photothermal de- 
flection spectroscopy. Nonsteady propellant flames burning in a strand 
burner are also likely to generate strong acoustic pressure oscillations that 
would degrade the signal-to-noise ratio or overwhelm the photoacoustic 
effect microphone. Photoacoustic and photodeflection effects from flame 
soot can be much stronger than that from low-concentration gas species. 
Since all propellant flames are two-phase to some degree, this would lead 
to serious experimental difficulties. 

2. Photoionization Spectroscopies 

There are a number of ionization spectroscopies that enable the deter- 
mination of concentration and species identification. All involve the use 
of electrodes for the detection of ions produced by the diagnostic laser 
pulse. The electrodes can be at the outside limits of the flame and, there- 
fore, are not really intrusive. Since a large portion of the produced ions 
can be collected, the technique is sensitive, but because low-level currents 
are measured, it is subject to electrical noise pickup from pulsed lasers. 
(Excimer lasers are particularly bad.) Careful calibration is required for 
absolute concentration measurements, as the signal collection efficiency 
can sometimes depend on signal strength. 144 268 

Optogalvanic spectroscopy 269 involves an optically induced current change 
in a discharge or flame. A laser is tuned to a transition frequency of the 
species of interest, causing a change in the population ratio between upper 
and lower levels. The enhanced collisional ionization probability of the 
excited state results in a detected current change. Optogalvanic spectros- 
copy can also refer to changes in flame currents brought about solely by 
laser ionization, independent of collisional ionization. Which path pre- 
dominates depends partly on the laser power density. 

Multiphoton ionization (MPI) is possible with high-intensity lasers. Off- 
resonant MPI occurs when the laser beam frequency (frequencies if mul- 
tiple lasers) do not coincide with any real transitions of the molecule; two 
or three photons take the molecule or atom to above the ionization limit 
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via nonreal intermediate states. In enhanced MPI, the laser excites the 
molecule into a Rydberg level via a multiphoton transition, leading to 
enhanced collisional ionization by the flame. In resonantly enhanced MPI 
(REMPI) (see, for example, Ref. 270), or resonant multiphoton optogal- 
vanic spectroscopy, one of the laser frequencies (or the sum of two fre- 
quencies) is tuned to real transitions of the molecule. Two-color experiments 
allow spatial resolution by crossing the two laser beams; ion signals are 
generated only in the overlapping volume. 271273 Resonant multiphoton 
optogalvanic spectroscopy has been successfully applied to detect H and 
O atoms, 97 - 273 - 276 CO and C 2 0, 270 and NO 277 present in flames. 

The advantages of multiphoton techniques, such as resonant multiphoton 
ionization, include the easily accessible laser wavelengths and freedom from 
optical depth problems; they are the only way that species that absorb in 
the far uv (such as H or O atoms) can be optically detected in flames. The 
ionization techniques can also be free of collisional problems, especially if 
the photoionization rate is much larger than the collisional rate. Flame 
species not accessible to LIF techniques due to rapid predissociation, such 
as CH 3 , are amenable to multiphoton ionization detection. 277 However, 
the possibility of laser-induced chemistry with high-power uv laser beams 
has been discussed earlier in the section on LSF. The use of high-power 
multiphoton diagnostics in solid-propellant flames would be limited by 
particulate-enhanced laser-induced breakdown, and the single-point spatial 
resolution can be limiting in attempting to measure species profiles in 
nonsteady combustion environments. 

Laser-induced breakdown spectroscopy (LIBS) involves the use of fo- 
cused high-power pulsed lasers to produce a dielectric breakdown of the 
medium and a plasma containing highly excited atoms. 278 280 The atoms 
are then identified through the detection of their characteristic emission. 
An application of LIBS to a coal gasifier allowed detection of trace elements 
present in the process stream of the gasifier. 280 Since this technique is 
sensitive only to the atomic composition of combustion gases, it is not 
useful in steady-state propellant flames unless the atomic balance of the 
combustion gases is different from that of the propellant because of serious 
combustion inefficiencies and production of char (or if the spatial structure 
of a composite or sandwich propellant flame is being resolved). 

However, in nonsteady combustion systems, LIBS might be useful in 
determining how different propellant constituents contributed to the time- 
dependent processes. For example, during acoustically unstable combus- 
tion of an aluminized propellant, the phase-sampled Al and H, C, N, or 
O LIBS signals could be compared to determine if there is any phase lag 
between binder and energetic material pyrolysis and aluminum ingestion 
into the flame. The spatial resolution, which depends on the focusing of 
the laser beam and collection optics image acceptance, can be relatively 
good. The time resolution is on the nanosecond level, but the requirement 
for high-power pulsed lasers limits the repetition rate to under 1 kHz. The 
use of multiple filters (as in commercial flame emission analyzers) allows 
simultaneous multichannel detection. LIBS would not be able to distinguish 
between solid and gaseous components, since solids are vaporized in the 
laser-driven plasma as well. 
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IV. Conclusions and Recommendations 

It is clear from the preceding discussion that, whereas solid-propellant 
combustion environments present difficult problems to in situ optical di- 
agnostic techniques, these techniques — especially emission spectroscopy, 
LIF and planar LIF (PLIF), LD V, and CARS — have been shown to be 
highly useful in furthering the understanding of the fundamentals of pro- 
pellant combustion. Although their application to date to nonsteady solid- 
propellant combustion has not been extensive, virtually none has any in- 
herent constraints that would limit temporal resolution. In LIF, PLIF, and 
CARS, the inherent limitation of laser repetition rates requires that un- 
steady combustion events be phase- or delay-time sampled, but they all 
provide single-shot temporal resolution far beyond that required. There 
remain many possibilities for application of these advanced diagnostics to 
nonsteady solid-propellant combustion studies; only a few will be suggested 
here. 

LIF experiments conducted to date on propellant flames have been de- 
scribed earlier. An evaluation of possible future experiments follows. The 
PLIF imaging of a flame structure should clearly be extended to higher 
pressures. The success of the AFAL point measurement LIF work at high 
pressures is encouraging. Even if pressures relevant to real rocket com- 
bustion environments (ca 68 atm) cannot be accomplished with LIF — 
because of severe quenching, chemiluminescence interference, or flame 
opacity — measurements over a range of lower pressures can establish trends 
to extrapolate to higher pressures. LIF results should be placed on an 
absolute scale via either transient absorption measurements or careful LSF 
analysis. The latter will require more extensive fundamental measurements 
of quenching, rotational, and vibrational energy transfer rates, especially 
for species such as CN, NO, and NH with collision partners such as HCN, 
NO, NO z , and H 2 CO, as well as the usual hydrocarbon combustion species. 
Detailed kinetic models should be used to direct diagnosticians to key 
molecular (and atomic) species useful in validating the model reaction 
pathways and kinetics. Efforts should be made to take LIF or PLIF species 
and temperature measurements with as good a spatial resolution and as 
close to the surface as possible. This is complicated by surface morphology 
and multiphase flow close to the surface, and it becomes more difficult at 
higher pressures. 

Although the only LIF or PLIF studies on nonsteady propellant com- 
bustion that we are aware of are those on ignition conducted at the NWC 5,910 
and the BRL, 35 there are numerous possibilities for further work. For 
example, combustion instability could be studied by applying an oscillatory 
heat flux (via a CO z laser) to a deflagrating propellant sample and by using 
phase-correlated PLIF sampling of the flame structure to investigate the 
phase and frequency response of flame standoff and any oscillatory changes 
in flame chemistry. For composite propellant samples, the species speci- 
ficity of LIF could be used to monitor the contribution of individual in- 
gredients to the oscillatory response function. Another transient combustion 
process that could be studied using PLIF imaging is laser deradiative ex- 
tinguishment. 114 The flame structure, chemistry, and temperature could be 
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followed after rapid removal of a radiative heat flux. We have conducted 
preliminary experiments in our laboratory along these lines: the flame 
moves toward the surface after deradiation but cools off and goes out 
before getting close enough to make up for the lost heat flux (despite the 
ability of the sample to burn on its own without radiative flux). Such 
experiments give insights into the kinetics of propellant combustion. 

Finally, two laser PLIF experiments for instantaneous temperature field 
measurements would be very useful in nonsteady solid-propellant com- 
bustion environments. Here the LIF image signals from excitation of two 
rotational (or vibrational or electronic) levels could be measured simul- 
taneously and ratioed to provide a two-dimensional temperature map. 
Current single-laser experiments along this line are limited to reproducible 
flame systems, as the two levels are pumped in different experimental runs. 

Although single-point CARS measurements have provided much useful 
data to date on solid-propellant flames, nonsteady combustion would greatly 
benefit from the imaging variant of CARS. Here multispecies and tem- 
perature profiles could be obtained in a single-laser shot, without event- 
to-event reproducibility problems distorting the measured profiles. With 
CARS, as with PLIF, high pressures should be approached from below, 
so that useful data can be obtained at relatively low pressures and extrap- 
olated above the region where the technique becomes difficult. 

In light of the success of previous LD V experiments on solid-propellant 
unstable combustion, this work should be continued, possibly with rela- 
tively clean-burning propellant samples that have been doped with the 
required LDV particle seeds. Propellant gasification rates could be ob- 
tained for applied oscillatory pressure or radiant flux loads to investigate 
the propellant transient response function. 

The authors hope that this review has pointed out the value of nonin- 
trusive optical diagnostic experiments in furthering the understanding of 
the fundamentals of solid-propellant combustion and their applicability to 
nonsteady combustion environments. The results of these diagnostic ex- 
periments, coupled with detailed kinetics-based combustion modeling, will 
provide insight into solid-propellant combustion mechanisms and afford 
better a priori estimation of propellant ballistic properties, especially under 
transient or nonsteady combustion conditions. 
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Nomenclature 



A 




parameter in the response function [Eqs. (21), (24)] 


A' 




property of combustion product gas, = (\iSJ{Tj)IC d 


A, 




throat area of the nozzle 


si 




nondimensional growth rate of oscillations [Eq. (28)] 


B 




parameter in the response function [Eqs. (21), (25)] 


c d 




isentropic nozzle discharge coefficient, = (y\i./'3lTf) 1/2 
X [2/(7 + l)](7+D/2(7-i) = i/c* 


E 




activation merge of surface pyrolysis reaction 


f 
L* 




frequency, Hz 




V/A, 


i£* 




nondimensional L* [Eq. (27)] 


M 




amplitude of oscillation in mass burning rate, m b 


M 0 




value of M at time / = 0 


m b 




mass burning rate 


m d 




mass discharge rate 


n 




burning rate pressure exponent [Eq. (20)] 


n s 




parameter in the response function model [Eqs. (21), (23)] 


P 




amplitude of pressure oscillations 


P 0 




value of P at time t = 0 


P 




pressure 


R 




magnitude of response function 






response function; gas constant 


r b 




propellant burning rate 


T 




temperature; period of oscillation (l/f) 
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T f 

J 


= 


isobaric flame temperature 


T 0 


= 


ambient temperature of the propellant 


T s 




temperature of the burning surface 


t 




time 


V 


— 


volume of the combustion chamber 


a 


= 


growth rate of oscillations P = P 0 e at 


7 




ratio of specific heats 


e 




phase of oscillations in mass rate relative to oscillations in pressure 


K 




thermal diffusivity of the propellant 


X 


= 


parameter relating O to 91 [Eqs. (21), (22)] 




= 


average molecular weight of combustion products 


P 


= 


density (gas) 


Pp 


= 


density of propellant 


°P 


= 


sensitivity of steady-state burning rate to bulk temperature, 






= (T Q rr){drldT 0 )- p 


T ch 


= 


combustor relaxation time [Eq. (8)] 


' tw 




relaxation time of the thermal wave in the solid [Eq. (16)] 


n 




nondimensional frequency [Eq. (22)] 






oscillation frequency, rad/s 



L Introduction 

L* INSTABILITY is a nonsteady mode of operation of rocket motors 
that occurs in motors with low value of the ratio L* of combustor 
cavity volume to nozzle throat area (typical of high mass fraction motors 
early in burning). The phenomenon is typically manifested by growing low 
frequency oscillations, which sometimes grow to large amplitude and cause 
quench of the burning. In extreme cases quench occurs almost immediately 
after ignition, followed sometimes by spontaneous reignitions and quenches 
called chuffs. Designs intended for operation at low pressure are usually 
involved (e. g., space motors), and the behavior is often interpreted as an 
ignition problem. However, it is really a dynamic instability of the coupled 
combustion-flow system in which the time-dependent response of the pro- 
pellant to the changing combustor pressure prevents convergence to a 
steady operating level. In the following, this condition is clarified by first 
examining the consequences of a propellant that burns in an oscillatory 
way on its own (i. e., even at constant pressure). Such behavior is often 
identified (incorrectly) with L* instability. It will be noted that L* insta- 
bility (as usually defined) requires that the time dependent propellant 
burning be to some degree responsive to pressure changes. 

If the net burning rate of the solid propellant charge in a motor oscillates, 
the pressure in the motor oscillates at the same frequency. In principle, 
the combustion wave at the propellant surface can oscillate spontaneously 
(depending on propellant properties). Propellants that do this under normal 
rocket motor operating conditions are not ordinarily desired, and hence 
not well studied. Perhaps more significant is the fact that a propellant 
having these properties does not oscillate spontaneously everywhere over 
its surface in phase, so that this kind of behavior produces no organized 
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oscillation in net (surface averaged) burning rate, and hence no oscillation 
in combustor pressure. If organized combustor oscillations are to occur, 
the local combustion oscillations must be to some degree responsive to the 
oscillations in pressure or other combustor behavior. This responsiveness 
may be no more than a linking of the phase of local spontaneous oscilla- 
tions, in which case the frequency of the combustor oscillation will be that 
of the spontaneous oscillations. Examples of such behavior are occasionally 
reported (e. g., Refs. 1-3), and were referred to in Ref. 4 as "preferred 
frequency instability." This behavior is difficult to distinguish (in an L* 
burner oscillation) from more common oscillatory behavior (i. e., due to 
pressure-coupled combustion), except that there is a tendency of the fre- 
quency to vary with pressure or combustor geometry variables in a different 
way than with pressure-coupled combustion. 

Most practical propellants do not appear to exhibit spontaneously os- 
cillatory combustion under usual operational conditions of pressure and 
temperature, but the burning rate is usually pressure dependent. This de- 
pendency is routinely determined for steady burning, but when the pressure 
is oscillating, the dependence of instantaneous rate on pressure (which is 
less easily measured) varies with frequency of oscillation, and can become 
large enough to cause the coupled system to oscillate spontaneously. It is 
this type of behavior that is usually involved in L* instability. The dynamic 
response of the burning rate to pressure oscillations is characterized by the 
amplitude and phase of the oscillations in mass burning rate for a given 
pressure oscillation, and the dependence of this combustion response on 
frequency is called the "pressure-coupled response function." With such 
pressure responsive combustion oscillations, the combustion response may 
be large over a fairly wide frequency range, and the frequency of the system 
oscillation then depends on the characteristic time of the combustor as well 
as the characteristic time of the combustion wave. This will be evident 
from the simplified analysis in the following section. 

The balance of this chapter will be concerned only with such pressure- 
coupled low frequency instability, which is observed to occur at low pres- 
sures (usually < 20 atm) and low values of the combustor L* (free volume/ 
nozzle throat area). An example of such behavior is illustrated by Fig. 1, 
which shows the pressure in a low L* laboratory burner test. A sketch of 
the burner is shown in Fig. 2. The initial rise in pressure reflects the 
combined action of a small igniter charge and the progressive development 
of the combustion wave. After a steady pressure is reached, it is evident 
that growing oscillations are present, which reach sufficient amplitude in 
a few cycles to quench the burning. In such tests the "quenched" propellant 
often smolders at atmospheric pressure, reignites itself, and repeats the 
sequence of growing oscillations and quench until the propellant is con- 
sumed or the system becomes stable due to increasing L* (as in Fig. 3). 
The period of growing oscillations during a short burn like those in Fig. 1 
can be characterized by values of mean pressure, L* , frequency, and growth 
rate of oscillations (p, L*, co, a) where a is the coefficient in the exponent 
of the expression 
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Fig. 1 Example of L* instability with spontaneous self quench. 

for the amplitude of the pressure oscillation. Most investigators do not 
report values of a from their tests, a circumstance that limits the oppor- 
tunity to compare results with theoretical models. (It is often difficult to 
get smoothly growing oscillations and steady mean pressure needed for 
unambiguous quantitative test results.) 

II. Simplifled Combustor Model 

For a qualitative examination of L* instability, the oscillatory behavior 
can be described on the basis of a small perturbation model for the balance 
of mass flow rate, involving mass inflow rate due to propellant burning, 

Thin Burning Surface 



L*=V/At 




Free Volume, V 



Fig. 2 Sketch of a laboratory burner for study of L* instability. 
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Fig. 3 Growth and decay of oscillations for a burner in which L* increases 
enough during burning to cross the stability limit. 



mass outflow rate through the nozzle, and rate of change of mass in the 
cavity. 5 The analysis is further simplified by assuming the following: 

1) Temperature, molecular weight, and pressure are the same every- 
where in the cavity. Combustion is completed in a thin region near the 
burning surface; i. e., chemical equilibrium prevails in most of the com- 
bustor volume. 

2) Molecular weight and temperature are not oscillating (assume stay 
time in the combustor is short compared to the period of oscillation and 
T = T f , isobaric flame temperature). Assume p = p(2ft7}/|x). 

3) Nozzle discharge is quasisteady, with inlet stagnation conditions ap- 
proximated by the static conditions in the cavity; m d = C d A t p. 

4) The oscillation in mass burning rate about its mean value is related 
to the oscillation in pressure by a response function with magnitude 

R = M/P 

where R is the ratio of amplitudes of the mass burning rate and pressure 
oscillations, and with a phase lead 0 of the burning-rate oscillation relative 
to the pressure oscillation. Both R and © are assumed to be independent 
of amplitude and dependent on oscillation frequency. The response func- 
tion is discussed further in the next section. 
Mass conservation is expressed as 



m H + 



d(pV) 
dt 



(1) 



where d(pV)/dr is the rate of mass accumulation. Setting m h = Th h + 
m' h , p = p + p' , and p = (p./9t7})(/? + p'), and assuming p p » p so that 
p dV « V dp, an equation for mass perturbations is obtained: 



A' L* + (p'/p) - (m' h /m) = 0 



(2) 



A solution to this equation is 

p'/p = P cos wf = P„e at cos <s>t (3) 
if m'jTh is proportional to p' I p with a phase lead 0: 

rn'Jm = Mcos(w? + 0) = M 0 e a 'cos(wr + 0) = RP 0 e a <cos(ut + 0) (4) 
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where 

R = M 0 /P 0 = M/P (5) 

When Eqs. (3) and (4) are substituted into Eq. (2) and the result is sim- 
plified, one finds 

[R cos © - 1 - aA'L*] cos cor + [R sin © - wA'L*] sin wt = 0 

which can only be satisfied if 

R cos 0 = 1 + aA'L* = 1 + a-r ch (6) 

R sin © = oiA'L* = coT d (7) 

where 

t cA - -4'L* (8) 

Equations (6) and (7) describe the combustion system oscillations in 
terms of a and co as functions of the combustor geometry L* and the 
propellant combustion response, R and ©. Equations (6) and (7) will be 
referred to in the following as the "oscillator equations," and part of the 
"elementary theory." These equations can be used in a variety of ways, 
depending on the circumstances. In experiments where sets of values of 
a, co, and L* are obtained, they can be used to calculate R and/or 0 (e. g., 
Refs. 5-8), using Eqs. (6) and (7) in the form 

R = [(co 2 + a 2 )(A'L*) 2 + laA'L* + 1] 1/2 (9) 

& = t™'' a + llA-L*) W 

If some information about the combustion response function is known 
or postulated, the trends of a and w with L* can be examined. For this 
purpose, Eqs. (6) and (7), respectively, can be used in the form 

w = R sin ®/A'L* (11) 

R cos © - 1 



A' L* 



(12) 



When a is set equal to zero in Eq. (6), special relations for a stability limit 
are obtained from Eqs. (6) and (7), respectively: 

R 0 cos ©o = 1 (13) 

{R 2 0 - l) 1 ' 2 = co 0 A'L 0 * = co 0 t c ,, 0 (14) 

where the subscript zero corresponds to a = 0 and the left-hand side of 
Eq. (14) was evaluated from Eq. (13). Keep in mind that the values R 0 , 
©o and to 0 correspond to a specific point on that response function. The 
L* that corresponds to that stability margin point is then given by Eq. (11). 
Of course, any change in conditions (e. g., mean pressure) that changes 
the response function will lead to a different set of stability values R Q , © 0 , 
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and w 0 . As will be noted in the next section, the combustion response is 
more closely related to a nondimensional frequency £1 than the actual 
frequency co. fl is defined by 

H = KC0 /r2 = 2tt(t, )V /T) (15) 
where t, w is a relaxation time 

t w = K/{r b f (16) 

for the thermal wave in the solid-phase part of the combustion wave, and 
Tis the period of oscillation. Thus, if a stability limit is identified through 
Eq. (13) to a particular value of fl = fl 0 , this corresponds to a specific 
value of 

(7,JT) a=0 = n 0 /2Tr (17) 

Another important ratio of time constants for the stability limit is given 
by Eqs. (7) and (15). Thus, if the stability limit is related to a particular 
combination of R = R 0 , 0 = @ 0 , fl = fl 0 , corresponding to a = 0 in Eq. 
(6), Eq. (14) can be written 

(T eA /r) a _ 0 = (RI - l) 1/2 /2ir (18) 

and with Eq. (17) 

(WtJ..o = (R 2 o - l) 1/2 /H 0 (19) 

Many investigators have used Eqs. (15)- (19) as bases for correlation of 
experimental results aimed at establishing stability limits, with varying 
degrees of success or misgivings. The principal problem is that the response 
function is not usually known, and it may be a function of pressure in a 
manner not easily encompassed in the response function theory. 

Whereas the foregoing analysis will be used in this chapter, some res- 
ervations should be expressed about the assumptions used. In particular, 
because L* instability occurs at low pressures, the assumptions of a thin 
combustion zone and spatially uniform molecular weight and temperature 
in the combustor are crude approximations for those propellants that are 
known to have extended combustion zones (e. g., Refs. 9 and 10). This 
problem is related also to the short stay time in the combustor associated 
with the low L*. It may even happen that reaction is incomplete at the 
nozzle entrance, in which case the effect on nozzle discharge rate could 
become important. Another concern is the widespread assumption that a 
stability limit is determined by a convergence of oscillatory behavior to a 
limit of a = 0. As will be shown later, under certain conditions the unstable 
domain can be bounded at finite values of a, leading to difficulties of 
interpretation of arrays of experimental results when the interpretations 
presume the data are bounded by an a = 0 boundary. A further concern 
is the implication in the foregoing discussion and elsewhere in the literature 
that the combustion response for a given propellant is expressible as a pair 
of functions, R = R(Cl) and © = O(O). This latter point will be examined 
further in the next section. 
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III. Combustion Response 

The idea of a response function was described in the foregoing and is 
widely used in dealing with the combustion instability problem. However, 
combustion response is both difficult to measure and difficult to describe 
accurately by analytical means. This has been the cause of a rather inde- 
cisive quality of the literature on L* instability, which may be partially 
remedied by a few words here on the subject. 

The concept of a combustion response function is linked to the idea that 
the combustion is localized near the boundaries of the combustor cavity 
(i. e., at the propellant surface). In that context, the combustion process 
is one-dimensional when viewed on the dimensional scale of the combustor 
cavity. It is a surface layer output that enters into the stability analysis for 
oscillations in the combustor. Even when the combustion zone is strongly 
three-dimensional in its microscopic internal processes, the important out- 
puts are surface-averaged. Analytical modeling of the detailed combustion 
zone processes are also usually based on a one-dimensional description for 
mathematical convenience, and this approach will be used in the following. 
However, for heterogeneous propellants, the suitability of such an ap- 
proach to the description of the combustion zone processes that determine 
combustion response is still uncertain. In that regard, the discussion of 
results in a later section will be concerned in part with adequacy of the 
one-dimensional model of the interior details of the combustion zone. 

For any specific propellant, the combustion response is expected to de- 
pend on frequency of oscillation. In one-dimensional models, this fre- 
quency dependence is usually related to the dynamic response of the thermal 
wave in the solid to oscillations in heat transfer from the pressure- 
dependent gas-phase flame layer. This leads to a frequency dependence 
in which the response (Fig. 4) is equal to the steady-state limit 

(20) 

r b dp 

at zero frequency, with magnitude of the response increasing with fre- 
quency to a maximum and then dropping off. The phase lead of the com- 
bustion increases to a maximum and then decreases and goes through zero 
at the frequency corresponding to the maximum of the magnitude, with 
negative phase at higher frequency. It can be seen from Eq. (7) that no 
physically real Solutions exist for L* instability for negative sin ©, so it is 
the low frequency, phase-lead side of the response function that is of 
interest for L* instability, specifically the part of the function where R cos 
© > 1 [condition for a > 0 in Eq. (6)]. 

The single-maximum response function in Fig. 4 is typical of the model 
of Denison and Baum 11 and others summarized by Culick, 12 and referred 
to here as "QSHOD" models, referring to the principal assumptions in 
the models: 1) quasisteady gas phase, 2) homogeneous propellant, and 3) 
one-dimensional. The single-maximum response function is also typical of 
the closely related model advanced by Zeldovich and Novozhilov 13 (see 
also Chapter 15). In such models the propellant is characterized by four 
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parameters (different but related in different models). The parameters are 
n, n s , A and B in an extension of the Denison and Baum model as in Hart 
et al. 14 When the values for the four propellant-specific parameters are 
known, the response function is established as R = R(Cl) and 0 = 0(11), 
where Cl is the nondimensional frequency [Eq. (15)]. This dependence of 
R and 0 on Cl contains a dependence on pressure because the 
(l/7 fc ) 2 factor in Cl is pressure dependent; it is often assumed that this 
accounts completely for the effect of pressure on the response function, 
but at least two of the four propellant-specific parameters are also pressure 
dependent. Thus the one-dimensional models produce the relation of re- 
sponse to frequency as illustrated in Fig. 4, which, for a given propellant, 
may be systematically pressure dependent. 

In most of this chapter the extended Denison and Baum model will be 
used, which leads 11 ' 12,14 to the complex response function 



nAB + n£k-l) 



X + (A/K) - (1 + A) + AB 



(21) 



= R sin 0 



l r = R cos 0 




r = V2ft 2 + 2/t 2 
0 = tan -\%l<3i r ) 
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with k being a parameter connecting 91 to O, i. e., 

KGJ 

X(X - 1) = iCl = i— 2 (22) 

The four propellant-specific parameters are n, n s , A, and B, where n was 
defined in Eq. (20), and 

= (23) 



m s \ dp 



= ^ (T s - T 0 ) (24) 



B = -— — (25) 

The meanings of n s , A, and B are not defined unambiguously for heter- 
ogeneous propellants and are consequently often viewed as adjustable 
parameters, the values of which may be chosen to give the best correlation 
of data from burner tests. However, one should recognize that the one- 
dimensional model does not address all of the processes that determine 
the dynamic response of heterogeneous propellants, and that Eq. (21) may 
not always describe the dependence of response on frequency, pressure, 
etc, even if the combination of values of n s , A, and B is adjusted for best 
fit of experimental results. More complete models of dynamic response 
that consider propellant heterogeneity have been advanced (Refs. 15-17) 
but have not been applied to interpretation of L* burner test results. For 
the present purposes, it seems reasonable to use Eq. (21), keeping in mind 
that the response functions of composite propellants may be somewhat 
different than those predicted, and that n s , A, and B may not conform to 
the definitions stated above. 

The goal in the following is to establish to what extent observed L* 
combustion instabilities can be explained by a combination of the simplified 
model for combustor oscillations [Eqs. (6) and (7)] and a response function 
that is at least similar to that predicted by the QSHOD model in the form 
of Eqs. (21) and (22). The analysis leading to Eqs. (6), (7), (21), and (22) 
will be referred to in the following as the elementary theory. The results 
will indicate a somewhat more favorable outcome than that described by 
Boggs and Beckstead 6 and Beckstead and Culick, 8 but suggest that Eq. 
(21) is unsuitable for quantitative prediction. 



IV. Oscillatory Behavior Based on Elementary Theory 

When the response function is known, Eqs. (11) and (12) can be used 
to predict w and a in terms of L*. When the response function is in the 
QSHOD form it is often preferable to eliminate to in favor of fl using Eq. 



&A1AA 

faVhti^hnMhriiwBfBmkmlmfy Purchased from American Institute of Aeronautics and Astronautics 



L* INSTABILITY 



(15) and then solve Eq. (11) for L* vs fi: 



r 2 l * — — 



«k (R/n) sin © 
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(26) 



For a QSHOD model it is often assumed that n s = 0 and A and B are 
pressure independent. Temporarily using that assumption, the second fac- 
tor on the right in Eq. (26) is a function of O [see Eq. (21)], so that 



.7'* 



Then Eq. (12) can be used to obtain 

(R/n) cos 0 - (l/n) 



a = 



S* 



= £i(fl,ra) 



(27) 



(28) 



where (jR/n) cos 0 and S* are functions of SI and si is thus a function of 
O and of n [due to the term l/n in the numerator of Eq. (28)]. 

The response function in Fig. 4 was based on Eq. (21) with n s = 0, A = 
14, and B = 0.8. Figure 5 shows the corresponding ig*(fl) based on Eq. 
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Fig. 5 ( £* vs SI and si vs ii for the response function Fig. 4 with n = 0.5 and 
n = 0.7. 
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(27) and si(Cl, n) based on Eq. (28) for two different values of n. For any 
given mean pressure, r b and n are constants, so that i£* and si vary like 
L* and a, respectively, with Cl. The unstable domain is the locations where 
R cos © - 1 > 0. The crosshatched region on the right is excluded because 
sin © is negative and Eq. (7) cannot be satisfied. The crosshatched regions 
on the left are where R cos © - 1 < 0, ot<0 (i. e. , any oscillations diminish 
in amplitude). The a = 0 stability limit is thus a property of the response 
function; the values of Cl 0 , R 0 , @ 0 , and at that point are so designated 
to indicate that a = 0. However, it should be noted in Eq. (28) that the 
expression for si depends on n as well as Cl [i. e., (R/n) cos © and ££* 
depend on Cl only, but the V n term remains in the numerator of the 
expression for si], and so there is an si vs Cl curve for each value of n 
(with si higher for higher values of n), and the Cl 0 point depends on n (and 
fi 0 is lower for higher values of n typical of lower pressures). This will be 
discussed later. For the moment, assume (as is often true) that n does not 
change appreciably with pressure. 

The curves in Fig. 6 illustrate the trend of unstable behavior, which can 
be understood in the context of Fig. 5 and is borne out by experimental 
observations: 

1) At high where Cl < Cl 0 , no spontaneous growth of oscillation 
occurs, and spurious disturbances yield decaying oscillations (Fig. 6a). 

2) At i£* moderately below Xq (Cl > Cl 0 ), oscillations develop sponta- 
neously, but may die out because i£* increases during burning (Fig. 6b). 

3) At lower i£* , oscillations grow to large amplitudes that cause quench. 
Spontaneous reignition can cause repeated burns at progressively higher 
X* (Fig. 6c). 

4) As i£* is further reduced, the a are so great that growth to large 
amplitude and quench occurs in two or three cycles of oscillation (not 
enough to measure a) (Fig. 6d). 

5) At still lower 2?*, quench occurs right after the ignition peak, some- 
times followed by repetitions, a behavior called chuffing (Fig. 6e). 

To these points 1-5 concerning the trend of behavior illustrated in Fig. 
6, three additional points are added below about trends of variables and 
their measurement: 

6) The exact values of L* corresponding to the sequence of behavior 
1-5 depend on the value of r b [Eq. (27)], and hence p. This is illustrated 
in Fig. 7. At higher pressure and hence higher r h , the sequence is shifted 
to lower L*, but the same values of Cl. At the same time, the positive 
values of a must be lower at a given Cl as r b and p are increased [Eq. (28)], 
but the a = 0 point is at the same Cl (when n is assumed to be constant). 
In other words, the unstable domain over fi does not change with pressure, 
but L* vs H and a vs O define different curves as pressure changes, with 
L* vs Cl curves going down, and magnitude of a increasing with r b and p, 
whereas the a = 0 point remains the same ft 0 . 

7) In the context of Fig. 7, it should be noted that L* and p are deter- 
mined in experiments by three geometrical variables, V, A„ and S c , with 
p being determined by S J A,. S c is the area of the propellant burning surface, 
which is not varied in most L* burner studies. Thus, modification of p is 
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a) Decaying oscillations when pressure pulse occurs, otherwise steady 
pressure (high L*) 




b) Oscillations near the stability limit (as in Fig. 3) 




c) Oscillations grow (positive a) to large amplitude where burning is 
spontaneously quenched, spontaneously reignites, and repeats until 
charge burnout, or until L* reaches the stability limit 




d) Oscillations grow and quench occur so quickly no a. determination can 
be made 




e) Chuffing: The a. is so large that self quenching occurs on first one or 
two cycles 

Fig. 6 Sequence of nonsteady behavior as L* is increased. 
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0 2 4 6 8 10 12 14 

a 

Fig. 7 L* vs il and a vs fl for different mean burning rates (different 
pressures) based on Fig. 5 and Eqs. (27) and (28). 



usually done by change in A,. As a result, changes in L* and p are not 
usually independent. In reports of experimental results, data trends are 
often presented without resolution of the L* and p effects, leading to 
incomplete interpretation of results and large apparent scatter of data. 

8) Since fl 0 does not change with pressure, frequency along the stability 
limit varies as in Eq. (15): 

w 0 = (1/K)f 2 b n 0 (n const) (29) 

Most of the correlations of experimental results in the literature are 
based on assumptions that n, A, and B are independent of pressure, and 
n s = 0 [in many cases Eq. (29) is assumed without noting its context in 
QSHOD theoryj. Attention is addressed primarily to inference of a stability 
limit (with these assumptions). Various combinations of variables are used 
[Eqs. (17)— (19), (29)], with tl 0 , R Q , and @ 0 assumed to be independent of 
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pressure. These results will be discussed in the next section, but first it 
seems important to note the following: 

1) The experimental results arise from tests with a > 0, and a good test 
of the theory should be more than a comparison of the apparent trend of 
variables along a stability limit inferred from finite-a tests. 

2) While the assumptions of constant n, A, and B and n s = 0 lead to 
helpful simplification of analysis, the QSHOD theory does not require 
these assumptions. 

3) It seems reasonable to avoid undue constraints on parameters when 
trying to determine how well the QSHOD theory can correlate results from 
heterogeneous propellants (where the meanings of n s , A, and B are poorly 
defined to start with). 

In the discussion of experimental results, it will be helpful to consider 
four different propositions regarding response functions. 

Proposition 1. Response is consistent with QSHOD theory and all pa- 
rameters are independent of pressure. Then R/n, 0, and X* are unique, 
pressure-independent functions of fi. L* vs ft is a pressure-dependent 
family of curves: 

L* = (nKlA'){Vr b ) 2 (30) 

where r b = r b (p) and n is constant. Then the X* = 0 condition [Eq. (28)] 
is not pressure dependent, and so fl 0 and are unique and the stability 
boundary in the family of L* vs fi curves is an fl 0 ordinate at the value of 
Cl where R cos 0 = 1. With that value of fl 0 , the frequency along the 
stability limit is given by Eq. (29). 

Proposition 2. Response is consistent with the QSHOD theory and all 
parameters are independent of pressure except n, which depends on pres- 
sure according to some known r b = r b (p) and definition of n in Eq. (20). 
R/n, 0, and !£* are still unique functions of Cl, and L* is still given by Eq. 
(30), but now n and hence the condition si = a = 0 are pressure dependent. 
As a result, O 0 is now pressure dependent and increases with decreasing 
n (which usually corresponds to increasing pressure). In Eq. (29), this 
implies that co 0 increases more rapidly with pressure than (r b ) 2 because fi 0 
is increasing. 

Proposition 3. Response is consistent with QSHOD theory, but all 
parameters may depend on pressure. This proposition remains to be ex- 
plored, but it should be noted that the behavior at any given mean pressure 
should conform to the behavior described above for constant mean pres- 
sure. Most investigators do not investigate the trends of variables for fixed 
mean pressure. 

Proposition 4. Response is not consistent with the QSHOD model even 
at fixed mean pressure. This means that the dependence of R and 0 on fl 
or w cannot be matched by Eq. (21) with any combination of n, n s , A, and 
B. An example would be a response function with multiple maxima, some- 
times proposed for propellants with bimodal oxidizer size distribution, 6 or 
for models that incorporate a transient model of the gas-phase combustion 
that gives a response maximum at a high frequency associated with a 
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characteristic time of the gas-phase flame 18 (see also Chapter 14). Perhaps 
more relevant to L* instability is the possibility that for heterogeneous 
propellants, the surface-averaged response represents the sum of responses 
of different parts of the flame complex (e. g., the AP flame, and a portion 
of the heterogeneous surface where response is dominated by the oxidizer- 
fuel flame). 19 Obviously, a QSHOD model cannot describe the response 
of heterogeneous propellants faithfully and may sometimes be very un- 
satisfactory. The adequacy has been criticized on the basis of L* burner 
results 6,8 and will be examined in a later part of this chapter. 

In a following section on experimental results it will be seen that results 
are not consistently correlated by QSHOD theory under proposition 1. 

Up to this point the trends of variables have been examined with the 
presumption that the i£* vs fi increases continuously with decreasing fl. 
If one examines the expression (/?/«)(sin ©)/fi [in Eq. (27)] for a typical 
response function, it is not obvious that such monotonic behavior would 
always happen, and certain experimental results seemed to indicate other- 
wise. 6 ' 20,21 This question was examined 22 - 23 and it was found that for certain 
combinations of A and B the i£* vs fi function was multiple valued in fi; 
i. e., a maximum occurred in i£* in the region of fl where L* instability 
would occur (i.e., a > 0). An example is shown in Fig. 8, and Fig. 9 shows 
the domain of A vs B in which Eq. (21) (with n s = 0) predicts a maximum 
in the i£* vs fl function. The significance of this kind of i£* function is 
easily seen by considering a sequence of tests with progressively higher L* 
(on the high fi branch of the curve). For the values of $£* between points 
A and B in Fig. 8 there arises the possibility of multiple frequencies, of 
which the one at highest fi will be most evident because it corresponds to 
highest a. As i£* is increased above that for point A, the maximum in the 
curve is reached at B, after which the only remaining solutions are on the 
low fi branch of the i£* curve above point D. If the i£* maximum were 
approached and passed during a test (in which L* increases due to pro- 
pellant burnback), one might expect the fully developed oscillations to 
change rapidly because of rapid change in fi, and then either disappear (if 
a < 0 in the low-frequency branch), or abruptly transition to low frequency 
(if a > 0 on the low-frequency branch). In the first case, i£* would have 
reached a stability limit at a finite value of a when 3L*/dil = 0 (originally 
suggested in Ref. 20). In the second case there would be a discontinuity 
in any trends of variables involving frequencies. Figure lOa shows the trend 
displayed as fi vs !£*, and Fig. lOb shows the corresponding fi vs L* for 
different pressures. (Figures lOa and lOb are analogous to Figs. 8a and 8b; 
Fig. 10 is a "cartoon" version designed to facilitate description of qualitative 
behavior in the region where fi is multiple valued.) In Fig. lOb the stability 
limit and singular points on the curves remain at the same values of fi as 
in Fig. lOa because !£* = i£*(fl), but (as in Fig. 7) the low pressure, low 
r b curves occur at higher L*. In Fig. lOb the sequence of square symbols 
corresponds to a test sequence at constant pressure (constant S c /A„ in- 
cluding the case of changing V only). The sequence of circles corresponds 
to a test sequence in which V and A, are changed together in such a way 
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Fig. 8 A response function that gives a maximum-minimum in the X* vs il 
function. 
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Fig. 9 Domain of A and B for whieh minimum-maximum occurs in i£* vs SI 
functions; upper curve is the condition for intrinsic instability, and region 
between upper and Iower curves is minimum-maximum domain. 



as to give constant L*. The jump from high to low SI occurs in either case, 
but the details of SI vs L* differ. 

The condition of multiple values for SI occurs at rather extreme values 
of A and B, and may thus be primarily a curiosity. However, behavior 
suggestive of this situation has been reported (see Sec. V) and explained 
by rather radical departure from the QSHOD response function theory. 
In that regard it is significant that the only departure from the theory that 
may be necessary is the use of rather extreme values of A and B. Put more 
generally, it may be that a panoply of anomalous behavior can result from 
rather modest deviations of the response functions from QSHOD functions 
with conventional values of n, A, B, and n s , deviations that may be quite 
normal for heterogeneous propellants. 

V. Experimental Observations 

There is relatively little in the literature on observations of L* instability 
in motors, partly because it is not a problem in most motor designs, and 
partly because the cost of systematic studies in full-scale motors is prohib- 
itive. However, the behavior is apparently not critically sensitive to motor 
size, and extensive testing has been done in laboratory scale burners. Ex- 
perimental results of most practical interest are those that establish the 
stability limit for a given propellant in terms of the designer's variables, 
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L* 



Fig. 10 Explanation of effect of minimum-maximum in ££* (O,) curve: a) sketch 
of fl vs ££* similar to Fig. 8a, b) sketch of vs L* corresponding to part a, but 
for three values of «k/A 'F corresponding to three different pressures; squares 
show a sequence of solution points corresponding to tests at a given mean 
pressure, and circles show a sequence of solution points corresponding to a 
sequence of tests at a given L*. 



L* and /J, as originally reported in Ref. 24 (e. g., Fig. 11). In Ref. 24 the 
difficulty of inferring the a = 0 curve from tests at finite a was confronted 
by running tests in which the stability limit was crossed during the individual 
tests. The stability limits conformed with Eq. (3), implying that behavior 
was qualitatively consistent with elementary theory. This was found to be 
true in Ref. 6 for some propellants, but not for others, in analogous plots 
of t c/i vs t, w . However, in this latter study, the convergence of a to 0 at 
the chosen stability limit was not examined (even though a were measured). 
Figure 12 (from Ref. 6) is an example where this appears to have led to 
unwarranted conclusions. In this figure, the authors noted that the stability 
limit (based on QSHOD theory and a unique value of O 0 ) would be [Eq. 
(19)] a straight line of slope (flg - l) 1/2 /n 0 (the broken line in Fig. 12). 
The authors chose to draw a steeper stability line along the upper bound 
of all tests that gave normal oscillatory behavior (the circles), and concluded 
that the results were inconsistent with theory. However, examination of 
the original data 25 shows that the data points near this proposed stability 
limit correspond to quite high values of a, and appear to reflect a 3L*I 
dfL = 0 stability limit described in the last section. This is supported by 
the triangular data points in this figure, which are at very low £1 compared 
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Fig. 11 Stability limit as per Ref. 24. 
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Fig. 12 i ch vs t,„ for tests on one AP propellant (Fig. 5 of Ref. 6). 



to the other points. In addition, some tests (Fig. 13, from Ref. 6) were 
caught in the act of crossing the value of L* for dL*/dCl = 0, exhibiting 
the jump in O to a low value on the upper branch of the L* vs fl curve 
illustrated in Fig. 8b. Since low frequency oscillations occurred, a was still 
> 0 after the jump, and an a = 0 stability limit line should presumably 
be drawn above the triangular points as well. In Fig. 12 this appears to 
conform to the QSHOD based trend for the stability limit after all. There 
are other examples where the L* vs r b or j cfl vs t, w data plots seem to 
suggest stability limit trends other than those implied above for QSHOD 
models (e. g., Ref. 27), but in these cases the data are either too incomplete 
to test the argument 26 or to be assured that the stability limit had been 
located. 27 
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Fig. 13 Pressure-time curve 6 showing 
low frequency. 
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Quite often the trends of experimental results are reported as plots of 
frequency vs burning rate or pressure. In most cases the data from tests 
with a > 0 are displayed and a stability limit is inferred as the lower bound 
of the data. As with L* vs p plots, the values of the a are either not 
measured or not reported, and not used for extrapolation to determine 
a = 0 points. The conformance of the behavior to the QSHOD model is 
often not really examined (e. g., Fig. 14), or is tested on the basis of some 
further premise such as the H 0 = constant assumption, which gives w = 
(//K)O 0 r|, a parabolic relation of <o to r b (e. g., Fig. 15). In this particular 
example the very steep increase in frequency with r was concluded to be 
inconsistent with QSHOD theory. These results are very challenging be- 
cause they do indeed appear to be inconsistent with QSHOD theory. How- 
ever, the disagreement is not as extreme as implied in Ref. 6, because the 
theoretical trend of frequency with r h would be steeper if Cl 0 were allowed 
to increase with r b to reflect the actual decrease in n with increasing pres- 
sure. In addition, the actual stability limits are difficult to infer because 
the oscillatory tests tended to always have large values of a, 25 perhaps 
reflecting proximity to a di£*/dfl = 0 type of stability limit. Thus, the steep 
increase in frequency with r h in Fig. 15 may not be as divergent from 
QSHOD theory as judged in Ref. 6. A more careful evaluation of the test 
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Fig. 15 Frequency vs mean burning rate for several propellants with bimodal 
AP particle distribution. Parabolic shaded area is expected trend based on 
Eq. (29) with pressure-independent n, A, and B (and fl 0 ). Oval shaded region 
is for data from propellants of similar formulation, but with unimodal oxidizer 
particle size. 6 
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data may be needed before calling on a radical departure from QSHOD 
theory to explain the results. 

Data displays that exploit measured values of a provide a more suitable 
means of testing theory, because they provide a more demanding test and 
do not rely on arguments about inferred stability limits. In several refer- 
ences, 5 ~ 8,27 computed values of R, ©, or R cos © are reported, and com- 
pared with trends indicated by QSHOD theory for selected values of A 
and B. The data correlations (e. g., Fig. 16) have not always given partic- 
ularly gratifying results, in that the burner produces data only over a small 
range of fi (ct negative at lower H, chuffing at higher fl). In addition, the 
data for any given propellant do not always fail on a curve corresponding 
to any particular values of A and B (e. g., Fig. 16). The data presentations 
do not ordinarily include consideration of a possible systematic trend with 
pressure, although the values of n vary substantially with pressure for the 
conditions of the tests. It is noted 6 " 8 that the trend of the data more nearly 
follows a constant A, B curve for some propellants than others, and con- 
cludes that the trend with some propellants is incompatible with QSHOD 
theory. 68 The conclusion is not entirely convincing for the L* domain 
because conformance of the data to a theoretical curve of fixed n, A, and 
B is not a valid test of the theory when the data arise from the tests over 
a range of pressures (because n is known to be pressure dependent and A 
and B may also be). A reanalysis of the original data, with explicit con- 
sideration of the pressure dependence of n and examination of data trends 
and best fit of A and B at each pressure, might establish the conformance 
or nonconformance with QSHOD theory more decisively. 

A promising approach to evaluation of the QSHOD theory from L* 
burner test results is to use the results to compute the parameters in the 
QSHOD model for each test directly. This strategy is implied in any effort 
to choose parameters to fit computed arrays of response function data vs 
fl (e. g., Refs. 5-8). This strategy was carried further by Beckstead and 
Culick, 8 who showed how to compute ut c4 vs fi for constant values of A 
(varying B) and constant values of B (varying /L) (Fig. 17). The idea was 
that when o)j ch and O from a test were plotted in a grid of constant A and 
B curves, values of A and B could be determined (a graphical method for 
determining A and B). In an ideal case, all of the data points would 
coincide, giving the A and B for the propellant. Beckstead and Culick 
noted that the experimental data appeared to fail over a large range of A 
and B, and even fell at points where the corresponding values of A were 
physical nonsense (negative). It was concluded that plausible response 
function curves generated by the QSHOD model could not account for 
the observed u>j ch vs fl data. This conclusion in Ref . 8 led to the conclusion 
that, for the composite propellants used in the study, the QSHOD model 
did not generate response functions suitable to correlate the experimental 
results. In Ref. 6, this led to speculation about a "layer burning" mech- 
anism, subsequently developed by other investigators in analytical models. 
In Ref. 8, the negative results cited above led to examination of combined 
data from L* burners and T burners, a promising line of investigation but 
beyond the scope of the present chapter. 
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Fig. 16 (R cos Q)/« vs H for L* burner tests on several propellants (from 
Ref. 6). 
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Fig. 17 Experimental wt cJ vs (shaded areas) and curves of (ar ch vs SI for 
constant A and B [computed from Eqs. (6), (7), (21), and (22)] (from Ref. 6). 



The above argument regarding correlation of the experimental o>t c/! vs 
SI data by QSHOD response functions was flawed, because the correlation 
was based on the grids of constant A and constant B curves (Fig. 17) for 
a given value of n and the assumption that a = 0. The experimental data 
are from tests over a considerable range of pressure on which n was not 
constant (and A and B may not have been constant). Thus, the corre- 
sponding constant A and constant B grids need to be pressure dependent. 
Even more important, the grids depend on a, and values of a for the tests 
varied over a wide range of positive values. The effect of a (or si) on the 
A-B grids was investigated recently in Ref. 28 and is illustrated in Fig. 18a. 
In this figure, a family of constant A curves is shown, all for the same A 
but different values of growth rate si. A second family of curves is for a 
given value of B but different values of si. Thus, if the chosen values of 
A and B were the correct values for a given propellant and mean pressure, 
then the intersection of the A and B curves for any given value of si 
represents a solution of Eqs. (6), (7), (21), and (22) for wt c)i , SI, and a, 
and the locus of such points represents all of the solutions for that pressure 
and the corresponding A, B, n, and n s (as shown in Fig. 18d, top curve). 
Figures 18b and 18c are for two other pressures, based on determinations 
of values of A, B, and n for the pressures for A-35 propellant as described 
below, and Fig. 18d shows the corresponding solution points in the orr c/! 
vs SI diagram for all three pressures. Referring back to Fig. 17, where the 
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crosshatched area represents the range of the experimental results for 
A-35 propellant, the range of predicted results in Fig. 18d is in reasonably 
good agreement when effects of pressure and test a are considered in 
making the predictions. As will be evident below, this conclusion was not 
equally applicable for results from all of the composite propellants dis- 
cussed in Refs. 6-8. 

The approach to correlating data by the elementary theory [Eqs. (6), 
(7), (21), and (22)] illustrated in Fig. 18 was reduced in Ref. 29 to direct 
computation of A and B from experimental sets of w, a, L* , and n, using 
numerical methods to solve Eqs. (6), (7), (21), and (22). The procedure 
was applied to experimental L* instability data for A-35 propellant 30 and 
A-146 propellant. 25 In these computations, the actual values of n were used 
and n s was assumed to be zero. The results are shown in Figs. 19a and 
19b. In order to reveal any pressure dependence of A or B, the tests were 
classed in three mean pressure intervals (see the figure) denoted by dif- 
ferent symbols. The results with A-35 propellant (Fig. 19a) represent a 
rather modest range of A and B, with values that are often used in the 
literature. Part of the spread in the data seems to be a systematic pressure 
dependence. These results suggest (contrary to Refs. 6-8) that the response 
function of A-35 propellant is similar in form to a QSHOD model response 
function with pressure-dependent parameters, consistent with proposition 
3 described earlier in the text. An estimate of values of A and B for each 
of the three pressure intervals was made from Fig. 19a, and these are the 
values of A and B used for the three examples in Fig. 18. 

The results in Fig. 19b for A-146 propellant involve a wide range of 
values of A and B, with no obvious dependence on pressure. This suggests 
that the actual response function is not consistent with the QSHOD model 
(but does not give much of a clue about the nature of the difference). 
Whereas the interpretation of results in Refs. 6 and 8 has been criticized 
above, this particular conclusion is the same; i. e., the QSHOD model does 
not effectively describe the response functions of composite propellants 
like A-146, which has a bimodal oxidizer particle size distribution. By 
contrast, the conclusion above for a monomodal AP propellant (A-35) 
disagrees with Refs. 6-8 and does conform with QSHOD theory if pressure 
dependence of A and B is allowed. Obviously this is a rash generalization 
to make on the basis of only two propellants, and further studies are 
needed. Since the overall chemical composition of A-35 propellant is the 
same as that for A-146 (75% AP, 25% polyurethane), the QSHOD model 
cannot provide an explanation of the difference between results with these 
two propellants. 

At this point it may be useful to contemplate the original objective of 
this chapter, which was to clarify the nature of L* instability. At the outset, 
a number of simplifying assumptions were made, including the QSHOD 
model for combustion response. This strategy was successful in providing 
a tractable model and a convenient explanation of the qualitative features 
of the instability. The difficulties in quantitative correlation of experimental 
results for composite propellants should not be a surprise, given the vio- 
lation of the homogeneous and one-dimensional assumptions. Unfortu- 
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A=6.96. B = .7937, n=.4638 3 Mean Pressures 




Fig. 18 Computed <aT ch vs ft. Parts a-c are curves of constant A and d (varying B) and constant B and d (varying A). 
Intersections of curves of same si are solution points, shown in part d. The combinations of A, B, and n used in parts 
a-c are based on results in Fig. 19 for A-35 propellant at low, intermediate, and "high" pressure. In parts a-c, the 
symbols for values of are: si = 0, □; si = 1, o; d = 1.5, A; d = 2.0, •; d = 3.0, ^. In part d, the symbols indicate 
pressure range: p < 80 psi o; 80 < p < 100 psi; A; 100 < p psi, •. 
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Fig. 19 Caiculated values of A and B for tests on two different propellants 
(n s assumed = O). 29 
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nately, more complete models of combustion response have not been applied 
to quantitative correlation of L* burner test results and consequently are 
not reviewed here. The same can be said for quantitative evaluations of 
other assumptions of the elementary theory, but there are experimental 
results that suggest that assumptions leading to Eqs. (6) and (7) may some- 
times not even be qualitatively satisfied, a situation that merits consider- 
ation here. 

In development of Eqs. (6) and (7), it was assumed that the combustion 
process is completed near the propellant surface, but for some propellants, 
such as double-base and nitramine types, the combustion zone is known 
to be fairly extensive at the low pressure in L* burners. Carried to the 
extreme, combustion may not reach completion in the burner volume at 
all, with the extent of combustion oscillating during combustor oscillations. 
This situation appears to be reflected in results of L* burner tests on a 
double-base propellant reported by Schoyer. 21 The dependence of oscil- 
lation frequency on pressure shown in Fig. 20 was reported, apparently 
reflecting two distinct regimes of oscillatory behavior. Referring to a more 
detailed report of this work, 31 it appears that the high frequency data at 
the upper left occurred during an initial period of burning at low pressure 
shortly after ignition. The pressure then proceeded rapidly to higher pres- 
sure, where the lower frequency oscillations occurred. 
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Fig. 20 Frequency vs mean pressure forARP double-base propellant. 
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The initial period at low pressure in Fig. 20 may represent a period in 
which the secondary flame, characteristic of double-base propellants, could 
not occur in the combustor because of low stay time and high heat losses. 
Although a more complete model of the combustor oscillations would be 
needed to describe this behavior fully (one that does not assume a thin 
combustion zone), this singular behavior can be qualitatively understood 
with the elementary theory if adjustments in A' and C d are made that 
reflect the higher value of \i/T f during incomplete combustion. Thus, re- 
ferring to Eq. (27), and assuming a response function with n s = 0 and A 
and B independent of pressure (proposition 2, above), !£* is a function of 
Cl and also equal to (A'?l/Kn)L* . Suppose that the combined effects of 
increased A' and decreased (r|/K«) during the low pressure burning period 
is a lowered value of (A'?l/Kn). Then the L* would be higher for a given 
Cl, or Cl would be higher for a given L* (i. e., point B instead of point A 
in the sketch in Fig. 21). Reference 31 shows that this is the case for the 
tests in Fig. 20. Then if the progressive increase in pressure leads to a 
progressive increase in (A'rl/Kn), Cl would decrease, a trend supported by 
the results in Ref. 31. [The trend also corresponds to increasing L*, which 
also contributes to the decreasing Cl (Fig. 21), points B-B'".] The trend 




Fig. 21 Sketch to support text explanation of results involving incomplete 

combustion (Ref. 31 and Fig. 20). 

Point A: Condition at low L* for thin combustion zone. 

Point B: Same L* but secondary flame absent, \x,IT f , A', and C d elevated, p and 
f b depressed. 

Points B', B", B'": Increasing p, L* but secondary flame absent. 

Point C: Secondary flame present, C d normal, A' still elevated (volume- 

averaged value). 

Points C, C": Increasing p, L*, volume-averaged A' still decreasing. 
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in real frequency is given by fi?|/2irK, in which fl is decreasing and 
t|/k« is increasing. Judging from Fig. 21, r\ dominates the trend and fre- 
quency increases. 

The drop in frequency at about 145 psi in Fig. 21 is presumably due to 
an abrupt drop in A' associated with establishment of the secondary flame 
in the burner, with a concurrent rise in pressure and burning rate. If this 
has the same effect on (AJI/kh) as before (but now in the opposite di- 
rection), fl will abruptly decrease (as in Ref. 31 and as illustrated in Fig. 
21, point B'" to point C). Since the frequency also drops, the drop in fl 
must dominate over the rise in r\ in the product (the drop in fl is 
partly due to increasing L*). For the trend after the abrupt transition, one 
might assume that combustion is complete at the nozzle entrance, so that 
pressure is not depressed. However, the effective value of A' depends on 
the volume average of the (^/T f ) factor in A', and the volume average 
does not reach its maximum until the pressure and L* are high enough to 
approach the thin combustion zone condition (see Ref. 9). Thus A' con- 
tinues to decrease with increases in p or L*, which would result in a shift 
of the L* curves as sketched in Fig. 21 (i. e., points C-C"), with the 
possibility of increase in fl (and frequency). Of course, the foregoing ar- 
gument should be tested by putting in the actual values of p, ?, and n (and 
(x, 7, and 7}) if obtainable. In addition, one would need to consider the 
shape of the i£*(fl) function, as it would contribute to the change in fl 
with \i,IT f (indeed, in an extreme case, the jump in frequency could be due 
to multiple values of fl as illustrated in Fig. 10). 

As noted earlier, there is a need to evaluate the incomplete combustion 
models more fully, either with available experimental results or new results 
from tests designed for this purpose. This is particularly important for 
propellants that are known to have extended combustion zones that are 
inconsistent with the assumptions of the elementary model [Eqs. (6) and 
(V)]- 

VI. Discussion 

The foregoing review of the L* instability problem is focused somewhat 
narrowly on the issue of applicability of the elementary theory represented 
by Eqs. (6), (7), (21), and (22). There are two reasons for this. First, the 
published papers that have addressed agreement between theory and ex- 
periment in any detail consider this same elementary theory, but somewhat 
imperfectly. Second, the reports with the most extensive and complete 
presentation of experimental results involve tests on AP composite pro- 
pellants for which the assumptions in the analysis leading to Eqs. (6) and 
(7) seem to be relatively good. The fact that this led to a focus on and 
critique of the investigations of primarily one laboratory should be con- 
strued as a compliment of that work, in the sense that it was the only body 
of work that was complete enough to allow comparison of theory and 
experiment. The issue that emerged was the applicability of QSHOD re- 
sponse function theory to the heterogeneous propellant used. Given the 
violation of the homogeneous propellant, one-dimensional assumption in 
the QSHOD theory, one should expect imperfect agreement, and the prac- 
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tical question becomes, Does one have to develop a radically different 
response model to understand the results (as suggested in Ref. 6 for some 
results)? This is still an unanswered question. However, the basic physics 
of the QSHOD model are operative (although incomplete) also with het- 
erogeneous propellants, and are particularly applicable at low frequencies 
(typical of L* instability). However, the parameters n s , A, and B are not 
defined unambiguously for a heterogeneous propellant — a more complete 
model is required for rigorous description. In the meantime, the QSHOD 
theory is better understood now than it was at the time of Refs. 5-8, and 
the present review gives some idea of what still needs to be done to test 
the applicability of the elementary theory (in terms of design of the ex- 
periment and interpretation of results). The present review suggests that 
the QSHOD theory and the L* burner experiments are in better agreement 
than previously concluded. It would be worthwhile to examine futher the 
original data with due regard for measured values of a and n and due 
regard for the possible pressure dependence of the QSHOD parameters. 
In particular, it seems reasonable to assume that any propellant has a 
pressure-coupled combustion response (function of frequency at any given 
pressure), and it would be useful to establish the trend of L* instability 
behavior by systematic tests at a fixed pressure (thereby eliminating pres- 
sure as a factor in the scatter of experimental results and as a factor in 
determining conformance or nonconformance with postulated response 
functions). 

The oscillator equations (6) and (7) are probably a reasonable approx- 
imation of the gasdynamics of the combustor cavity for some propellants, 
but not for others. It would be useful to measure the temperature oscil- 
lations (as in Ref. 10) to determine the limitations of the thin combustion 
zone assumption and the isothermal assumption (some investigators assume 
isentropic oscillations). A proper analysis for a thick combustion zone case 
would require some overt steps to 1) track the progress of combustion in 
the flow, and 2) impose energy conservation, allowing for distributed heat 
release, molecular weight and temperature, and oscillation of inlet con- 
ditions at the nozzle. Analyses that address these issues are not elementary 
(see Refs. 9 and 32) and have not been used for detailed interpretation of 
experimental results. 

The rather limited incidence of L* instability in motor development 
programs translates into rather limited support for further research. How- 
ever, the technical issues involved in L* instability are relevant to more 
common forms of combustor instability, but easier to model and test in 
the L* form. It may seem disconcerting that the theory for this simple form 
of instability is still not complete and verified, but this is simply symptomatic 
of combustor stability theory as a whole. In this era of large motors and 
space motors for which any instability would be likely to be at low fre- 
quency, L* burners provide a relatively inexpensive means of measuring 
combustion response at low frequencies and of testing response theory. In 
this regard, it should be noted that most tests to date in which measure- 
ments of a were reported have been run on AP composite propellants with 
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binder contents of 20-25% (chosen to facilitate processing). The com- 
bustion behavior of propellants with such high binder contents is not typical 
of commercial propellants with 10-13% binder. The situation would be 
improved greatly if new tests were conducted with the following conditions: 

1) The value of a is measured, so that computation of R, 9, A, and B 
can be made. 

2) Test variables are chosen to give a range of results at each of several 
mean pressures, so that the shape of the response function at a given 
pressure can be distinguished, so that the pressure dependence of the 
response function can be recognized. 

3) Temperature measurements in the combustor are made in some tests 
where the constant T assumption is suspect. 

4) Propellants are chosen to typify compositions in common applica- 
tional use, but with well-controlled variations in oxidizer particle sizes, 
concentrations of catalysts and aluminum, and changes in binders. 
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Chapter 10 



Radiation-Driven Transient Burning: 
Experimental Results 

V. E. Zarko,* V. N. Simonenko,t and A. B. Kiskinf 
USSR Academy of Sciences, Novosibirsk, Russia 





Nomenclature 


A, b, d, D, D u 




D 2 , g, N, Y, 




y, A x , A 2 


= parameters 




= volumetric optical absorption coefficient 


B 


= nondimensional heat flux 


c 


= specific heat 


E 


= energy of activation 


F 


= reactive force 


f 


= surface temperature gradient 


H 


= total condensed-phase heat release 


AH 


= enthalpy 


h 


= distance 


j 


= nondimensional radiant flux 


k 


= characteristic parameter 


K 


= thermal conductivity 


L 


= flame length 


m 


= mass burning rate 


P 


= pressure 


Q 


= heat release 


q 


= heat flux 


2ft 


= universal gas constant 
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r = characteristic parameter 

r b = burning rate 

S - cross section 

T = temperature 

t_ = time 

W = average molecular mass 

x = space variable 

z = nondimensional absorption coefficient 



Greek Symbols 

a = thermal diffusivity 

A;?, Ag, Ar b = amplitudes 

T| = augmentation 

9 = phase shift 

X = decrement 

jju, v = characteristic parameters 

£ = correcting factor 

p = density 

<j p = ambient temperature sensitivity of burning rate 

X = characteristic parameter 

^ = response function 

n = frequency 

w = nondimensional frequency 



Subscripts and Superscripts 



a 


= ambient 


b 


= burning 


c 


= condensed phase 


f 


= flame 


h 


= distance 


ig 


= ignition 


in 


= initial 


r 


= radiant 


res 


= resonant 


s 


= surface 


0 


= stationary 


* 


= apparent 




= average 




= perturbation 



I. Background 

A. Objectives 

STUDYING solid-propellant radiation-driven combustion is a matter of 
interest in various aspects. On the one hand, combustion of a typical 
solid propellant always is accompanied by radiant fluxes from flame. Self- 
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irradiation from flame gives a relatively small contribution to the energy 
balance on a reacting surface under stationary combustion; however, the 
effect seems to be more significant under unsteady combustion. On the 
other hand, radiation can be used as a convenient and efficient tool for 
physical modeling of the burning process. For example, self-sustaining 
combustion of solid propellants is known to be accompanied, in some cases, 
by periodic pulsations of flame temperature, radiance, and velocity of 
combustion gas products caused by burning rate oscillations. Consider also 
that there is a close interrelation between burning rate auto-oscillations 
and a low-frequency instability of propellant combustion in semiclosed 
volumes. The problems of understanding nonsteady combustion mecha- 
nisms, including oscillatory solid-propellant combustion, can be success- 
fully investigated by using radiant fluxes as external energy stimuli. 

This chapter is dedicated to experimental and theoretical study of ra- 
diation-driven transient burning of solid propellants. The following prob- 
lems are discussed: 

1) physical and mathematical modeling of combustion augmented by 
radiation; 

2) requirements for experimental facilities and investigation techniques; 

3) relation between burning rate responses to pressure and radiation 
perturbations; and 

4) possibilities of quantitative predictions of combustion augmented by 
radiation. 

In this chapter, the experimental data on dynamic measurements of 
characteristics of the burning rate of solid propellants under constant and 
variable radiant fluxes will be described; the problem of radiation-driven 
transient burning will be formulated mathematically in terms of the Zel- 
dovich-Novozhilov theory. The obtained results will be discussed, and some 
problems for future studies will be formulated. 

B. Brief Literature Survey 

As a method of influence on the solid-propellant combustion process, 
thermal radiation has a number of advantages over others. First, this method 
is contactless; second, radiation flux intensity can be quite easily governed 
in time and quite reliably measured; third, energy can be introduced into 
various spatial zones in the condensed phase due to the wavelength de- 
pendence of propellant transparency. In addition, radiative heating can be 
carried out at various pressures and different compositions of a gaseous 
medium, while it is possible to continuously observe a heated sample from 
a short distance. Impossibility of complete reproduction of the heating 
conditions in a rocket chamber because of cold gases near the irradiated 
sample surface and difficulties in the correct account of radiation absorption 
in solid-propellant pyrolysis products may be considered as disadvantages 
of this energy input method. 

Modern arc-image furnaces based on powerful xenon lamps have been 
practiced on a large scale as radiation sources in experiments on solid- 
propellant combustion. 1 They have replaced carbon and solar image fur- 
naces, 2 which were low power and less convenient in operation. Recently, 
laser radiation sources 3 have found application. They show high coherence 
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and make it possible to markedly raise the radiant flux intensity. Note 
that, in certain cases, it is the limitation in power of radiation sources that 
restricts the range of investigations. Thus, values of radiant flux as high as 
50-200 cal/cm 2 s need to be implemented to study the ignition process under 
conditions close to the real ones; to investigate a combustion response to 
a periodic or pulsed action of a radiant flux at elevated pressures (50-150 
atm) calls for the same or slightly higher intensity of radiation sources. It 
should be mentioned that the "useful" (i. e., absorbed in solid-propellant 
subsurface layer) part of a radiant flux depends critically on absorption 
and scattering by condensed particles in flame and also on characteristics 
of propellant reflectance and transparency. In particular problems — when 
calculating energy balance at the burning surface of a solid propellant — 
the preceding considerations should be taken into account. 

Experimental data on attenuation of external radiation by flame and 
those on optical properties of solid propellants are highly limited. In Refs. 
4 and 5 the flame absorption as a function of distance above the burning 
surface was measured in blue, red, and the nearest infrared (IR) regions 
of the spectrum. Absorption decreases with increases of the distance above 
the surface. This fact may be related to consumption of condensed particles 
in flame. Then, after reaching a minimum (0.02-0.2 cm at pressures of 
10-15 atm), absorption rises. Soot formation is a possible cause of ab- 
sorption increase. Assuming flame radiates as a gray body, the evaluation 
of the most probable value of the absorption factor in combustion products 
of double-base (DB) propellants was given in Ref. 6. The value has been 
found to be equal to 25 cm 2 /g for a propellant without additives and 40 
cm 2 /g for a propellant with a 1.5% K 2 S0 4 additive. It means that for an 
optical length of 1 cm and the conventional dispersed flow density of 10 ~ 3 
g/cm 3 , radiation attenuation reaches 2.5-4%. From data reported in Ref. 
7, total radiation flux attenuation by flame and surface reflection is 25- 
30% for both a double-base (DB) propellant "N" and a pyroxylin powder 
at atmospheric pressure. Evaluations of the radiant flux from the flame 
backward to the burning surface of a propellant show that its contribution 
to the overall heat balance changes from 10% (approximately 1 cal/cm 2 s) 
at atmospheric pressure 7 to 30% at the pressure of 20 atm 8 for nonmetal- 
lized formulations. Close values were obtained for metallized composite 
solid propellants. 9 

Data on radiation absorption in the solid-propellant condensed phase 
are also rather limited. Information about effective transparency of a pro- 
pellant in a broad wavelength range was reported in previous works. 10 ' 11 
The use of spectrophotometers allows one to elaborate on this informa- 
tion, 12,13 but the problem of dependence of absorption characteristics on 
temperature and surface reacting layer conditions still remains unsolved. 
It is most important to take the latter into account at decreased pressure, 
where evaporation of volatile components 14 gives rise to porous layer for- 
mation and sensible change of the radiation absorption mechanism. 

Studies on the solid-propellant burning rate response to dynamic effects 
of a radiant flux require the development of highly sensitive techniques 
with a broad frequency range. With processes being studied in the solid- 
propellant condensed phase only, an acquisition system sensitivity of not 
less than 10~ 4 g by mass or 10~ 5 -10 -6 m by length should be secured. 
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This should make it possible to measure the transient burning rate in the 
10~ 4 -10 _1 -m/s range with time resolution up to 0.001 s under laboratory 
conditions. Numerous technical difficulties interfere in obtaining these pa- 
rameters by using existing techniques. Thus, the capacitance method of 
measurement of a burning propellant sample length, 15 with the tested pro- 
pellant strand being a dielectric filler of a flat capacitor made of metal foil 
strips glued on parallel lateral faces of the propellant strand, has not been 
developed properly. Obtaining data on a nonstationary burning rate is 
substantially complicated by the need to account for effects concerned with 
capacitance alternative contribution due to flame plasma and also with 
changes of propellant physical properties under heating and volume 
compression. Another integral technique — continuous measurement of re- 
acting sample mass — has quite a good outlook for development. 16,17 The 
natural eigenfrequency of the oscillatory system "mechanical unit-pro- 
pellant sample" is measured continuously. Frequency change is a measure 
of change of the variable propellant mass. Setups described in the literature 
have a limited recording range not higher that 100 Hz, but the attainable 
level is at least 10 3 Hz. 

A good deal of effort has been undertaken to develop the Doppler 
techniques (measuring the transient length of a burning solid-propellant 
sample): ultrasonic 18,19 and microwave. 20,21 The latter has the unique char- 
acteristics of spatial (up to 10" 6 m) and temporal (not less than 10~ 3 s) 
resolution; however, the complexity of facilities restrains a wide extension 
of this method. Technical parameters of the ultrasonic technique are an 
order of magnitude worse. The comparatively simple technique of contin- 
uous measurement of the recoil force or weight of a burning sample (see 
Section II. C) has technical characteristics close to unique. 

Radiative heating has been used for studying solid-propellant ignition 
for as long as 25 yr. 22 During the last 10-15 yr, the attention of investigators 
has been attracted by the problem of ignition and combustion stability 
under a heat pulse 23,24 and by oscillatory combustion under the action of 
a periodical radiant flux. 25,26 Some knowledge of details of the combustion 
mechanism under critical conditions was obtained in those works. 



C. Importance of Radiation-Driven Transient Burning Study 

Investigations of transient solid-propellant burning give valuable infor- 
mation for understanding the general mechanisms of combustion. It should 
be noted that the existing combustion theories are based on more or less 
well-grounded assumptions about the parameters of chemical kinetics and 
heat exchange between gas and condensed phases. It is difficult, or some- 
times impossible, to give a direct justification of these assumptions. Re- 
stricting the investigated subject to stationary regimes only, we sharply 
reduce the possibilities to verify the original physical prerequisites of a 
theory, since, in most cases, it is possible to satisfactorily correlate a theory 
with an experiment by properly choosing several fitting parameters. The 
regimes of nonsteady burning are much more various, and use of a time- 
dependent radiant flux gives an opportunity to carry out a number of unique 
experiments. For example, it is possible to study combustion stability at 
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constant pressure after the action of a heat pulse. Thus, a possibility arises 
for clearing up the mechanism of propellant burning under critical con- 
ditions, when abnormally low values of burning rate and burning surface 
temperature appear. Analyzing data on transient burning of a propellant 
under periodic fluctuations of a radiant flux, the sensitivity of a burning 
surface temperature to variations of initial temperature can be evaluated. 

The results of investigations of radiation-driven transient processes are 
also of practical interest. First, the characteristics of burning rate responses 
to radiant flux are of importance from the viewpoint of quantitative pre- 
diction of a burning rate under the conditions of a rocket chamber, es- 
pecially with due account of radiation intensity oscillations. 27 Conversely, 
it is very attractive to obtain a pressure response function using a radiation- 
driven response function. In some cases, the radiation response function 
can be determined comparatively easily, allowing one to successfully carry 
out the task of fast diagnostics of combustion stability for new propellant 
formulations. 28 

II. Experimental Technique 

Experimental facilities for studying the combustion of solid propellants 
under the action of thermal radiation used by the authors in the Institute 
of Chemical Kinetics and Combustion are described below. 

A. Radiation Source 

A 10-kW xenon lamp was used as a radiation source in the majority of 
the experiments. The radiation spectrum of the lamp is similar to the solar 
one; 10% of the energy falls at the ultraviolet (UV) spectrum region, 35% 
at the visible one, and about 55% at the near (40%) and far (15%) IR. 
Radiant flux amplitude variation was realized by a slotted disk. A step- 
by-step variation of radiation intensity was realized with the help of shut- 
ters. The flux was completely cut off by an iris-type shutter with 10 _3 -s 
operation time. A partial attenuation of the flux was realized by a blind- 
type shutter with 10~ 2 -s operation time. 

In some experiments, C0 2 (10.6 |xm, 40 W) or Nd/YAG (1.06 |xm, 70 
W) lasers served as radiation sources. For the latter, an improved power 
system and units of radiation power stabilization and control have been 
especially made. Time variation of radiant flux was carried out in a pro- 
grammed way by a microcomputer, modulation depth being varied within 
the range of 10-60% of nominal level. A special program allowed us to 
obtain harmonic, triangular, and rectangular time dependencies of radia- 
tion intensity. 

To carry out the experiments at an elevated initial temperature, a com- 
pact electric tubular furnace has been used. The temperature at the center 
and the periphery of a sample was monitored by thermocouples. 

B. Sample Preparation 

Solid-propellant samples under investigation were 6-mm-long cylinders, 
10-16 mm in diameter. The lateral surface of the samples was inhibited 
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with a thin mica envelope, ensuring a one-dimensional efflux of combustion 
products. In some cases, samples were inhibited either with a layer of 
linoleum dissolved in acetone or with epoxy resin. A sample was glued 
onto a plastic cylinder, the latter being used for attachment to a transducer. 
In ignition experiments, the irradiated propellant surface was blackened 
by a thin film of lamp soot. Combustion of DB propellants N (56.5% 
weight nitrocellulose, 28% weight nitroglycerine, 11% weight dinitroto- 
luene, and 4.5% weight additives), N + 1% carbon black (N + CB), N 
+ l%PbO(N + Cat) and ammonium perchlorate-based composite model 
propellants was studied. 

C. Overall Apparatus 

A setup for measurement of characteristics of radiation-driven transient 
burning of solid propellant includes a radiation source, a capacitance trans- 
ducer with a recording unit, a thermocouple amplifier with thermocouples, 
a radiation power meter, and a microcomputer for controlling and pro- 
cessing the experimental data. Figure 1 depicts a block diagram of the 
setup. 

The capacitance transducer 29 is used for continuous measurement of 
either the reactive force of combustion products (propellant recoil) or the 
sample weight. The transducer sensitivity is 10" 3 g, its working frequency 
band being 0-500 Hz. An advantage of the transducer and data acquisition 
system is the possibility of temporal measurement of the full signal shape. 
This distinguishes the installation from the one used in Ref. 26, where only 
the rms of the microphone transient output was measured (without dc 
constituent). 

As shown in Ref. 30, the value of propellant recoil F can be taken to 
be a measure of the nonstationary mass burning rate of a solid propellant 
(m) and is related to the latter as 

/SftT} dm\ 




Fig. 1 Overall scheme of experimental setup: 1) radiation source; 2) capacitance 
transducer; 3) recording unit; 4) thermocouple amplifier; 5) radiation power 
meter; 6) microcomputer; 7) propellant specimen; 8) shutter. 
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where Sft is the universal gas constant, T and W the tempe rature and the 
average molecular mass of combustion products, p the operating pressure, 
L the "length" of a gas column adjacent to the sample, and S the cross 
section of the sample. Equation (1) is given assuming that the combustion 
gas flow is one-dimensional and propellant dispersion is negligible. It is 
easy to estimate that the contribution of the second term on the right-hand 
side of Eq. (1) does not exceed a few percent for 10% burning-rate mod- 
ulation at the frequency of 100 Hz. In this case, for a prompt estimation 
it is convenient to use the steady-state dependence F = F(m), which can 
be easily determined in experiments. In such experiments, the steady-state 
burning rate was determined according to the traces of thermocouples 
recording the time required by the burning wave to travel over the given 
distance of a propellant sample. For high depths and frequencies of burning 
rate modulation, it is necessary to perform calculations according to Eq. 
(1) in complete form. 

D. Optical Properties of Solid Propellants 

Determination of spectral transparency of homogeneous condensed sub- 
stances offers no special difficulty. For this purpose, DB propellant samples 
in the form of strands 20 mm in diameter and from 20 to 800-|xm thickness 
were prepared with the help of a microtome. 31 In special experiments, it 
was shown that scattering of the majority of passing light (not less than 
93%), by those samples with a thickness up to 800 u.m, occurs into an 
angle not over 3 deg. This finding allows one to use Standard spectropho- 
tometric techniques. Propellant transparency was measured in the range 
of 0.2-14 (xm, whereas the diffuse reflection factor is in the range of 0.3- 
1 u.m. The reflection factor within this wavelength range turned out to be 
5-15% for the DB propellants under investigation. Figure 2 represents 
the data on spectral transparency. Results of measurements of monochro- 
matic radiation transmission as a function of sample thickness are in good 
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agreement with Beer's law: 

q r (x) = q r exp(-a k x) 

where q r is the radiant flux intensity, and a K is the volumetric optical 
attenuation coefficient. 

It should be noted that, in the regions of long and short wavelengths, 
optical density is high and its precise determination offers difficulties. In 
the 0.2-0.3-|i,m and 10-14 |xm ranges, a K > 1000 cm" 1 , whereas in the 
nearest IR spectrum region the transparency of DB propellants is much 
higher. Thus, for the original propellant N, the value of a x at the wavelength 
of 1-1.5 iim is equal to 7-8 cm -1 ; for the catalyzed propellant, this value 
is approximately 30-35 cm" 1 . Note that the longer the radiation wave- 
length, the less is the effect of the presence of fine-grained additives in the 
propellant. At a wavelength of more than 7 u.m, optical transparency of 
various DB propellants becomes approximately the same (from the point 
of view of practical application). 

It is much more difficult to evaluate the effective transparency of com- 
posite solid propellants consisting of semitransparent polymer fuel (10- 
20% of volume), transparent crystalline oxidizer (50-80% of volume), 
powdered metal (5-10% of volume), and small amounts of technological 
additives. Since in such complex systems multiple internal reflections occur, 
a radiation path length may essentially vary from one point to another. 
Attenuation factors may be comparatively easy to estimate for fine-grained 
mixtures, having conventionally accepted the hypothesis that such a pro- 
pellant behaves as if it were homogeneous. For mixtures with coarse ox- 
idizer particles (100-600 |xm), it is necessary to consider complex problems 
of radiation passage through an inhomogeneous medium. 

III. Radiation-Driven Steady-State Burning 

It must be preliminarily specified that, strictly speaking, "steady-state," 
i. e., temporally invariant, combustion does not practically exist at a suf- 
ficiently small temporal scale of investigation. In the case of heterogeneous 
propellant burning, this thesis needs no proof. However, under close ex- 
amination, it turns out that even for homogeneous propellants the com- 
ponent ratio at the surface does not remain constant, because each component 
exhibits its own values of physical and chemical kinetics parameters. When 
the burning rate is measured dynamically, it is possible to detect a frequency 
spectrum of self-sustaining burning. This spectrum may be used for iden- 
tification of the burning process of propellants of a given kind. So, more 
correctly, real burning processes at fixed operating parameters should be 
considered as quasistationary, i. e., steady-state processes with an average 
rate within a finite-time interval. The term "steady state" may be used 
only conventionally to characterize real burning processes. 

The effect of an external radiant flux on solid-propellant combustion is 
a complex one. A part of the radiant flux is absorbed and scattered by 
gaseous and condensed combustion products, another part of the flux is 
then reflected from the burning surface, and the residual only is absorbed 
in the condensed-phase volume. Thus, in general, the radiant flux heating 
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action affects both the gas and the condensed phases of a propellant. In 
addition, a photochemical action of the radiant flux, such as initiation of 
radiation-sensitive reactions in flame and propellant, is possible. Until now 
there has been no direct evidence for existence of photochemical effects 
of radiant fluxes within the wavelength range of 0.4-10.6 |xm. (It is so, in 
particular, due to the absence of powerful radiation sources in UV.) 

In Refs. 32 and 33, indirect data on purely thermal action of radiant 
fluxes in the nearest IR in DB propellant combustion have been obtained. 

Konev and Khlevnoi 34 have analyzed theoretically the external radiation 
effect on the stationary burning rate of homogeneous semitransparent pro- 
pellants. Burning wave propagation in solid propellant has been considered 
in one-dimensional formulation. Monochromatic radiation is absorbed in 
the condensed phase under Beer's law. Thermal decomposition of the 
condensed phase is described by zero-order reaction. The heat feedback 
from flame equals q f . An analytical expression for the burning rate has 
been obtained for two limiting cases. 
For opaque propellants: 



o _ V2k c <3lTlQAp(E + ®,T s yi exp(- EI<3lT s ) + (q r + g f f 

cp(T s - T a ) 

For highly transparent propellants: 



_ ^2k c <3iTlQA ? {E + 9tr,)-* exp(-E/<3lT s ) + g} + q r 

It is seen from Eq. (2a) that, for opaque propellants, the effect of external 
radiation is equivalent to an extra heat flux from the gas phase. In the case 
of transparent propellants, after a simple transformation of Eq. (2b) we 
can pass from the dependence r° b (T a , q r ) to r%(T* a ) = r° b (T a , q r ), where 

T* = T + — (3) 

is the apparent initial temperature. 

Let us consider in detail the conditions under which Eq. (3) can be 
employed for determining r° b (T a , q r ) via stationary dependence r°(T a ). 
Avery 10 appears to be the first to examine the correlation between irra- 
diation and initial temperature rise. Subsequently the applicability of an 
"equivalence principle" was analyzed both theoretically and experimen- 
tally. 34 ^ 36 Strictly speaking, the application of the equivalence principle to 
real propellants is always approximate. Theoretical results allow one to 
outline the class of propellants for which the equivalence principle is valid. 
Such propellants in the condensed phase must be sufficiently transparent 
to absorb radiation beyond the chemical reaction zone in the condensed 
phase. This allows one, by formal transformation, to reduce Eq. (2b) to 
the following form: r b (T a , q r ) = r b (T* a ), where T* a is taken from Eq. 
(3). In addition, to fulfill the equivalence principle, the r b (7^) and r°(T a ) 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



RADIATION-DRIVEN TRANSIENT BURNING 373 

values must coincide at equal arguments. This is the case when the surface 
temperature T s and the heat flux from the flame q f are unambiguously 
determined by the burning rate value. Unambiguously means here that T s 
and q f are independent of the way of reaching the burning rate level: under 
radiant flux q r or rising of initial temperature up to the value of T% (e. g., 
T s = const and q f = 0 adiabaticity). Most general conclusions follow from 
the energy balance equation on the burning surface 

cpr<i(T° - T a ) = H(r° b , 7* q„ T a , p) + q r + q f (4) 

where H(r b , 1° s , q r , T a , p) is the net heat release in the condensed phase 
with all chemical and physical processes taken into account. It is seen that, 
to meet the equivalence principle, the condition of the unambiguous de- 
pendence on the burning rate value must be satisfied for the expression 

cpr° b 7*(q„ T a ) - q f (q r , T a ) - H(r° b , 7?, q„ T a , p) 

= c P r° b T s m - q f (Tt) - H{r%, T», T* a , p) 

Attempts to verify experimentally the equivalence principle have been 
made by a number of researchers. The principle has been found 34 to be 
fulfilled approximately under the assumption that an exothermic reaction 
with a thermal effect of 20 cal/g occurs in the condensed phase of DB 
propellants. However, this assumption has not been confirmed by subse- 
quent works. It has been established 33 that the radiation effect on DB 
propellant M-2 burning is essentially of the thermal mode and, therefore, 
the equivalence principle is not satisfied. Some results in favor of the 
equivalence principle for DB propellants have been obtained in Ref. 36. 
The authors have processed data on burning rates available in the literature 
and shown that, for a restricted range of parameters, the relation in Eq. 
(3) is satisfied accurate to an experimental error. 

For the model with a constant surface temperature and q s = 0, the ratio 
of the burning rates of transparent and opaque propellants depends on the 
q r value and satisfies this inequality 34 : 

r b (q r , a x oo) 

The ratio of burning rates equals unity for both q r = 0 and q r — * °°. For 
the models with a variable surface temperature over a wide range of q r 
variations, r\ changes monotonously; in this case, r\ > 1,27,36 p or a j ow 
heat flux, the effect of condensed-phase transparency on the stationary 
burning rate is negligible. 

Systematic experimental investigations of the influence of thermal ra- 
diation on the solid-propellant burning rate has been carried out in Ref. 
31. An incandescent graphite plate served as a radiation source. Experi- 
ments were made with N and N + 1% CB DB propellants as well as 
pyroxylin powder. When burning in air, overall radiation losses by ab- 
sorption in flame and reflection from the surface have been measured (30% 
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for DB propellants and 40% for pyroxylin powder). Good agreement be- 
tween functions rl(q) and rl(T* a ) was obtained for the comparatively 
narrow tested range of radiant fluxes — from 1 to 10 cal/cm 2 s. The transition 
to a powerful radiation source with wider spectral characteristics (a xenon 
lamp) does not allow such good agreement with the conversion approach 
of Eq. (3). Thus, in Ref. 26 it was found that by calculating formally the 
temperature sensitivity of the burning rate a = d / , K r1{dT* a ) and by using 
the function r°(q) converted into function rf(T* a ) by Eq. (3), the values 
were two or three times lower than if the same burning rate was experi- 
mentally obtained by increasing the initial temperature. 

Figure 3 represents the dependence of the DB propellant burning rate 
on initial temperature and the total radiant flux value of the xenon lamp, 
neglecting absorption in flame and reflection from the burning surface. 
From processing the experimental data, it follows that the conversion of 
r°(q r ) into r Q b (T* a ) can be approximately accomplished according to Eq. 
(3) if a correcting factor is introduced: T* a = T a + t,q r lcpr%. In this range 
of radiant fluxes, for N + 1% CB propellant, £ = 0.6; for N + Cat 
propellant, £ = 0.5. This empirical factor includes the corrections on flame 
absorption and surface reflection for imposed radiant flux. It should be 
noted that comparison of rl{q r ) and r%(T a ) is restricted by the highest 
initial temperature attainable. Thus, for the DB propellants, it is not over 
140-150°C: for higher initial temperatures, thermal explosion is possible. 
Conversely, at high enough radiant fluxes, the temperature gradient at the 
burning surface becomes close to zero and combustion transforms into 
forced pyrolysis with the propellant gasification rate being determined by 
external radiation intensity only. 

Figure 4 shows how the burning-rate initial temperature sensitivity <j p 
of DB propellants depends on the initial temperature and radiant flux 
levels. The fact of marked change of a p at various burning conditions should 

r t ,m. 10 20 30 40 50 
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Fig. 3 Burning rate as a function of initial temperature and heat flux 
(at T a = 330 K). 
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Fig. 4 Value of burning-rate temperature sensitivity, when varying either initial 
temperature or external heat flux. 



be noted. In particular, this does not make it possible to use the simple 
correlations proposed in Ref. 35 for calculation of the radiation-driven 
burning rate, using an equivalence principle and the constancy of u 

For propellant N + 1% CB (a K ~ 400 cm" 1 ), £ depends on q r and 
decreases from 0.8 to 0.5 when q r increases from 5 to 15 cal/cm 2 s. For 
catalyzed propellant N + Cat (a x = 35 cm" 1 ), £ = 0.45-0.50 for a wide 
range of radiant flux values. Thus, the introduced coefficient £ takes into 
account radiation losses due to absorption in gas and due to reflection from 
the surface as well as the propellant transparency effect. The data on the 
propellant N + 1% CB for low radiant fluxes are inconsistent with the- 
oretical results, according to which the burning rate calculated by the 
stationary dependence r° b (T a ) using Eq. (3), i. e, for a propellant with 
a K = 0, is larger than r° h (T a , q r ). 



IV. Radiation-Driven Transient Burning 



A. Ignition 

A great number of original works are devoted to ignition under radiation, 
including Refs. 37-39. To avoid repetition, let us concentrate on the phys- 
ical phenomena accompanying the ignition of solid propellants and on the 
transient processes from ignition to steady-state burning. A few preliminary 
comments should be given regarding measuring technique. 

It is known that the ignition event is detected experimentally by a sharp 
change of one of the parameters characterizing the solid-propellant con- 
dition. Frequently, the measurement results are intuitively believed to be 
independent of the experimental technique: whether it is a thermocouple 
signal, a photodiode one, or one of a pressure transducer. To strengthen 
the reliability and objectivity of the information obtained, it is good practice 
to combine different methods of ignition delay recording and to develop 
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basically new ones. The method of propellant recoil recording, proposing 
the dynamic observation of intensity of gas issued from the burning surface, 
is used in this work as a basically new one. A principal advantage of the 
method is the possibility of direct comparison with theoretical calculations 
of solid-propellant decomposition. 

First, let us analyze general patterns of ignition of the DB propellant 
N + 1% CB. Figure 5 depicts a synchronous record of signals from a 
photodiode and a thermocouple and of a reactive force signal. These ex- 
periments were carried out in air at the radiant fluxes of 3-10 cal/cm 2 s. 

During the warm-up of a specimen, the volatile components of the pro- 
pellant are partially evaporated and a cloud of condensate appears above 
the irradiated surface. At the instant of time foregoing ignition, the drops 
burn abruptly, causing a temperature jump on the propellant surface and 
a sharp short-time pulse of the recoil signal. The continuation of the pro- 
pellant warm-up causes a sharp rise of the photodiode, thermocouple, and 
recoil signals; it means that a flame appears in the gas phase. Qualitative 
behavior of the process is the same also for model composite formulations 
containing crystalline ammonium perchlorate and DB propellant, the ig- 
nition time being determined almost completely by exothermics of DB 
propellant reacting, when ammonium perchlorate concentration is not more 
than 50-70%. The increase of the recoil signal in time suggests successive 
involvement of local surface areas in intense decomposition reactions. Thus, 
the time to reach the 50% recoil steady-state level for the samples with a 
coarse-grain oxidizer (550 |xm) is 3-5 times longer than for the samples 
containing a fine-grain oxidizer (10 |xm). Radiation absorption in the bulk 
of condensed substances is another cause prolonging the initial stage of 
the solid-propellant ignition. Figure 6 represents the recoil signal curves, 
the samples of a catalyzed DB propellant (N + Cat), and those of the 
same propellant with a blackened surface being ignited in air by the xenon 
lamp radiant flux. It is shown that the initial phase of the recoil signal 
history for the original propellant is approximately 10 times longer (for the 
50% steady-state level), initial spikes of the signal being absent and flame 
being revealed by visualization in the initial stage of the blackened specimen 
ignition. Another interesting conclusion can be drawn from such experi- 
ments. Comparing the initial ignition stages of blackened samples shows 
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Fig. 5 Oscillogram of change in ignited propellant parameters. 



<$A!AA 



iLfVbVthiaBhriiBfBmimim^ Purchased from American Institute of Aeronautics and Astronautics 



RADIATION-DRIVEN TRANSIENT BURNING 



377 




a) 



b) 



o 
o 

O) 
CC 



t 



Fig. 6 Reactive-force-signal oscillogram, propellant being ignited a) with open 
surface and b) with that covered with a thin film of soot. 

that the initial phase proceeds slower for pressed pure nitrocellulose and 
pure ammonium perchlorate than for formulations based on them (DB 
and modified composite propellants). 

As illustrated in Fig. 5, with DB propellants being ignited, the initial 
peak of the recoil (burning rate) signal is followed by transition into steady- 
state burning under stationary irradiation. Qualitatively, the same behavior 
is observed when model composite propellants containing fine-grain am- 
monium perchlorate and binder are ignited. When pressed pure crystalline 
ammonium perchlorate or formulations with a coarse-grain oxidizer are 
ignited, monotonic (from below) burning rate transitions to stationary lev- 
els occur. 

The term "duration of transient process from ignition to steady-state 
combustion" should be explained. The moment when the burning rate 
reaches the value that differs from the steady-state level by no more than 
5 or 10% is conveniently taken as the end of the transient process. In 
addition, there is a special question on how to distinguish ignition and 
stationary combustion stability. Processing the data on ignition in air of N 
+ 1% CB (a DB propellant) has demonstrated that, in the radiant fluxes 
range of 1.5-10 cal/cm 2 s, the transition time into steady-state combustion 
is 0.4-0.8 s 26 ; close values of the transition time have been obtained for 
the formulations with fine-grain ammonium perchlorate. Based on these 
findings, one can conclude that, if under given experimental conditions 
the overexposure of irradiation exceeds 0.5-1 s, the experimental data 
do correspond to stationary combustion stability. Conversely, if overexpo- 
sure is shorter than 0.5 s, the experimental data correspond to transition 
from ignition to self-sustained burning stability. The expression Af = 



\*at ig /r b (q r ) could be used to estimate approximately the duration Af of 
transition into steady-state combustion, DB propellant being ignited by a 
constant radiant flux. This equation gives results that are in a good agree- 
ment with experiments. 
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B. Step-by-Step Action of Radiant Flux 

A radiant flux step was given by cutting off the stationary radiant flux 
of a xenon lamp with the help of an iris-type shutter during 0.003 s. As it 
had been in the case of a graphite radiator, 23 it has been found that, in 
inert environments, the pressed nitrocellulose burning steadily at atmos- 
pheric pressure and ambient initial temperature quenches if the initial 
intensity of radiant flux is 1.5 cal/cm 2 s, whereas for N + 1% CB propellant 
this occurs at 3-cal/cm 2 s flux. In air, the samples continue burning under 
the action of deeper (5-10 times more) radiant flux steps. In these cases, 
at the moment the flux is switched off, the recoil signal falls off to a zero 
level, and gradual transition to self-sustaining combustion occurs. Tran- 
sition time, depending on the experimental conditions, is 0.5-1.5 s, which 
exceeds the burning propellant thermal relaxation time approximately by 
an order of magnitude. Visual observations and high-speed movies dem- 
onstrate that improved stability of burning in air is caused by existence of 
local active spots on the burning surface; after extinction, propellant ignites 
repeatedly due to these spots. At the same time, a dense net of bubbles 
20-100 (xm in diameter has been observed to appear on the DB propellant 
surface immediately after cutting off the radiant flux. The higher bubble 
density is observed on the surface of the propellant doped with 1% carbon 
black. The emergence of the bubbles is caused by unbalanced mass con- 
sumption of nonvolatile (nitrocellulose) and volatile components from the 
propellant surface. Until now this phenomenon has not been taken into 
account in theoretical interpretations of DB propellant burning and ex- 
tinction. 

Complete extinction caused by a moderate drop of a radiant flux, with 
combustion proceeding in air, is succeeded to be carried out, when the 
propellant sample is with a 2-3-cm protruding noncombustible cover. The 
cover inhibits access for the air oxygen onto the reacting surface of the 
propellant. Extinction of highly transparent DB propellants needs a more 
intense radiation drop. Thus, the original N propellant is extinguished at 
atmospheric pressure under a 3-cal/cm 2 s CO z laser radiant flux drop (ef- 
fective value 1000 cm" 1 ), whereas extinction by a xenon lamp radiant flux 
drop requires an intensity not less than 10 cal/cm 2 s (effective value a K = 
35 cm" 1 ). 

The burning rate behavior for a sharp change of radiation intensity 
depends on the relative contribution of radiant flux in total heat balance 
at the burning surface. 40 Figure 7 depicts the change of burning rate (as 
derived from the recoil signal) at the step-by-step change of the radiant 
flux level. With the value B = q r /cpr b (T s - T a ) increasing, the depth of 
the fail of the DB propellant N + 1% CB burning rate level under given 
conditions increases regularly (curves 1, 2 in Fig. 7). The perturbation of 
the same value (B = 0.2, curves 1, 3) imposed on the burning at a lower 
initial temperature propellant leads to a temporary extinguishment fol- 
lowed by ignition due to the radiant flux. The heat balance perturbation 
at the burning surface of transparent catalyzed propellants is comparatively 
small; therefore, even cutting off a relatively large radiant flux has a small 
effect on the stability of the transient combustion process (see curve 4, 
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Fig. 7). The pressed mixture of ammonium perchlorate (67%) with poly- 
formaldehyde (33%) burning at atmospheric pressure exhibits qualitatively 
similar oscillatory behavior of the burning rate under the same radiant flux 
drops. 

C. Periodic Radiation Pulses 

The experiments were performed at an initial temperature range of 20- 
120°C and a pressure range of 1-40 atm. Variation in the radiant flux 
intensity of the xenon lamp was performed by a disk shutter or, when the 
laser was used, by modulating its power supply. In preliminary experiments 
with DB propellants, the amplitude of the burning rate response to the 
pulsation of a radiant flux at low frequencies has been found to remain 
linear up to the response level of 15-20%. Therefore, to save the possi- 
bilities of application of linear analysis, the experiments were carried out 
at such depths of radiant flux modulation, when the burning-rate change 
at very low frequency of modulation was not more than 5-10% of the 
initial level. The initial burning rate was varied either by changing the 
initial temperature or the operating pressure or by selecting an appropriate 
value of the mean radiant flux. 

Amplitude-frequency curves of the burning-rate response to "small" 
perturbations of the xenon lamp radiant flux for the DB propellants N + 
1% CB and N + Cat are shown in Figs. 8 and 9. These dome-shaped 
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Fig. 7 Burning rate behavior when light flux drops from q t to q 2 cal/cm 2 s: 
1) N + CB, T a = 353 K, q, = 15, q 2 = 10; 2) N + CB, T a = 353 K, 9l = 15, 
q 2 = 5; 3) N + CB, T a = 293 K, q, = 10, q 2 = 5; 4) N + Cat, T a = 353 K, 
q x = 15, q 2 = 0. 
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Fig. 8 Amplitude-frequency characteristics of the propellant N + CB: 
D 0—T a = 373 K, q = 2 cal/cm 2 s; 2) A — T a = 293 K, q = 2 cal/cm 2 s; 
3) •— T a = 293 K, q = 6 cal/cm 2 s; 4) x — T a = 293 K, q = 20 cal/cm 2 s. 

curves are in good agreement with theoretical predictions. 41 The maximum 
value of response amplitude corresponds to the "resonance" frequency. 
The latter is shown to increase with an increase of the burning rate — the 
resonance frequency at the same burning rate reached by means of en- 
hanced radiant flux average value being lower than that in the experiment 
at an elevated initial temperature (curves 1, 3 in Fig. 8). The steepness of 
the resonance curve decreases with the radiant flux increase, and resonance 
degenerates when the flux is more than 24 cal/cm 2 s. Resonance frequencies 
for the catalyzed DB propellant N + Cat are markedly lower than those 




200 ft ; Hz 

Fig. 9 Amplitude-frequency characteristics of the propellant N + Cat: 

1) 0—T a = 393 K, p = 1 atm; 2) x — T a = 293 K, p = 10 atm; 3) •— T a 

= 293 K, p = 20 atm. 
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for the N + 1% CB propellant. This is caused by the difference of the 
burning rate temperature sensitivity and other characteristics of catalyzed 
propellant burning (see discussion in Section V. C). The results of direct 
experiments with the N + Cat propellant doped with 1% carbon black 
show the catalyst (rather than carbon black) to be the main cause of the 
difference. These samples show the same values of resonance frequencies 
as the original N + Cat propellant does. 

Processing the data on the burning rate response makes it possible to 
determine the value of the response phase shift, with the radiant flux 
pulsation frequency being varied. The complex nonsinusoidal shape of the 
response signal (especially at low frequencies) makes this task difficult. In 
addition, processing the graphical information obtained with the help of a 
light beam oscillograph presents certain technical difficulties. Within the 
experimental error (about 5-10% for the N + 1% CB propellant burning 
at atmospheric pressure and an initial temperature of 120°C, r b = 0.2 
cm/s, O res = 40 Hz), it was found that the response-phase positive shift is 
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Fig. lOa Amplitude-frequency characteristics of the propellant N + Cat at 
various modulation depths of laser radiation: • — 50%; O — 30%; x — 20%. 
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Fig. lOb Phase-frequency characteristics of the propellants N + Cat (2, 3, 4) 

and N + CB (1); 8 max (3), 8 min (4). 
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10-15 deg at frequencies lower than the resonance one, just at resonance 
the phase shift is about zero, and at high frequencies the negative phase 
shift tends to 90 deg. 

More reliable quantitative results could be obtained using laser radiation 
sources, for which the propellant radiation absorption coefficients are de- 
termined more exactly. In this case, computer processing of experimental 
data could be performed more easily. Figure 10 represents amplitude and 
phase shift vs frequency data that characterize the burning-rate response 
of the DB propellant N + Cat. Two-peak peculiarity of the amplitude- 
frequency curve as well as nonmonotonic phase shift vs frequency are 
worthy of attention. Presently, such a dependence cannot be completely 
explained in terms of existing nonstationary combustion theories. We can 
only propose that the reason for such behavior is the existence of two 
characteristic lengths, one being connected with a thermal layer, whereas 
another one is probably connected with volumetric chemical reactions. 

In studying the heterogeneous propellant burning-rate response, one 
faces particular difficulties. Heterogeneity of structure and composition of 
propellants containing coarse-grain components complicates the response 
signal shape; therefore, experiments of this kind should preferably be car- 
ried out with formulations containing fine-grain components. Let us note 
that stoichiometric mixtures of ammonium perchlorate and hydrocarbon 
fuel show, as a rule, a low initial temperature sensitivity of the burning 
rate and do not manifest resonance responses to radiant flux pulsations. 
Figure 1 1 represents the amplitude-frequency curves for pressed mixtures 
of ammonium perchlorate (an average dimension of particles is 15 um) 
with either polymethylmetacrylate (PMMA; size of particle is 5 fxm) or 
polyformaldehyde (PFMA; size of particles is 5 u.m) burning in air at 
ambient initial temperature. Samples were doped with 1% carbon black 
to raise radiation absorption homogeneity. The mbcture with PFMA shows 
the most marked resonance character of the burning-rate response. It should 
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Fig. 11 Amplitude-frequency characteristics of various propellants under equal 
external conditions T a = 293 K, p = 1 atm: A— AP/PMMA 85/15; □— AP/ 
PMMA 92/8; O— AP/PMMA 77/23; •— AP/PFMA 67/33. 
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be noted that, in the case of radiant flux drop, this mixture also shows the 
most marked oscillatory character of burning-rate response, whereas other 
model propellants based on ammonium perchlorate show, as a rule, a 
monotonic transition into self-sustaining burning. 

V. Computer-Simulated Radiation-Driven Burning 

A. Problem Formulation 

Existing approaches in the nonstationary theory of solid-propellant com- 
bustion are based on the general assumption that thermal relaxation proc- 
esses in the gas-phase proceed in the quasistationary regime with respect 
to heat propagation processes in the depth of the condensed phase. The 
approaches differ only in details of the gas-phase modeling. Let us for- 
mulate a one-dimensional problem of combustion of a semitransparent 
propellant in terms of the Zeldovich-Novozhilov approach. The general 
system is the following: 

dT dT d ( , dT\ , s n , c s 

cp — + cpr b — = — k— + a x q r e\p(a k x), -°° < x < 0 (5a) 



dt dx dx V dx 

dT 

dx 

x = 0 



= f(T s ,r b ,p), r b = r b (T s ,p) (5b) 



T(x -oo, t) = T a , T(x, 0) = TJx) (5c) 

The main point of the phenomenological approach by Zeldovich and 
Novozhilov is the method for evaluating the transient temperature gradient 
at the burning surface, the gradient value being dependent on the instan- 
taneous values of surface temperature, burning rate, and external operating 
factors. The latter may be pressure, velocity of gas flow parallel to the 
propellant burning surface, radiant flux absorbed on the surface, or their 
arbitrary combination. Equation (5b) should hold true for both stationary 
and nonstationary conditions. Therefore, it can be obtained from the em- 
pirical function r° b = r° b (T a , p) and the first integral of Eq. (5a) in the 
steady-state form k j = cpr b [T s - T a (r° h , p)], where r a (rg, p) is expressed 
from r b = r° b {T a , p) and c, p, and k c are constant. As a result, we obtain 
the equation 

r b = r b \T s - pj, a = - 

holding true for nonstationary burning regimes. It should be underscored 
that using the empirical functions r°(T s , p) and r%(T a , p), instead of 
construction of the detailed combustion models, ensures the possibility for 
the phenomenological approach to take into account the chemical kinetics 
of the condensed- and gas-phase reactions. Unfortunately, until this time 
the phenomenological approach has not had an appropriate mathematical 
background. It is mainly based on qualitative physical considerations. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 

384 V. E. ZARKO ET AL. 



B. Stability of Radiation-Driven Steady Burning 

Applying the method of small perturbations conformably to the system 
of Eqs. (5a) and (5b) (at q r = 0), Novozhilov 41 has obtained the expression 
for the linear stability boundary of stationary combustion in the form 

Here r = dT°JdT a and k = (T? - T a ) d /U r° b /dT a ; the sign "equal" 
corresponds to self-sustaining auto-oscillations with dimensionless circular 
frequency w = \fklr. 

When the method of small perturbations is used to examine the complete 
problem [Eqs. (5 a) and (5b)], similar equations may be obtained for com- 
bustion stability of semitransparent propellants burning under a constant 
radiant flux. Analysis shows that, for a highly transparent propellant 
(a x — » 0), the stability boundary and auto-oscillation frequency of the 
burning rate are the same as those for a propellant burning at an enhanced 
initial temperature T* a : <x> 0 (q r ) = w 0 (^) = \fk*lr* , where 



r* - s 
dT a 

and 

k = (T° s - T a ) 



d /'n 4 



The equation for the combustion stability boundary has the form 

_ (** - D 2 

k* + 1 



(V) 



To the right of the boundary [Eq. (7)], the instability reveals itself in 
the form of harmonic oscillations with an exponentially increasing ampli- 
tude. Deeper in the region of instability, to the right of the boundary 
r* = k* + 1 - 2\ r k w (curve 4, Fig. 12), the instability is characterized 
by a purely exponential rise of amplitude of the perturbations. It should 
be noted here that the results of the linear analysis hold true for small 
deviations from the stationary level and for relatively long time intervals 
after perturbing the initial steady-state condition. 

In the case of combustion of propellants with low transparency (a x —> 
the instability boundary (curve 3, Fig. 12) is given by 

r* = (k* - 1) 2 /[1 + k* (l + 2j)] 

and frequency of auto-oscillations by 

a) 0 , res = V**(l + k*j){\ + j)/r* 



where / = q r /cpr b (T s - T* a ). Both the increase of the radiation path length 
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1 2 3 



Fig. 12 Stability region boundaries of stationary burning conditions at various 
propellant transparencies: 1) q r = 0 {L. De Luca [Eq. (11)]}; 2) q r = 0 {B. V. 
Novozhilov [Eq. (6)]}; 3) z -» =°, q r ± 0; 4) z -> 0, q r ± / 0. 



in a propellant and the rise of the radiant flux intensity cause the broadening 
of the stability region of steady-state combustion. To plot stability bound- 
aries in the intermediate region of parameters, it is convenient to use these 
formulas 42 : 

r* = D X ID, k* = D 2 /D 

y = 1/2 v i + vr^Trw> Rew = 0 

D = 2y{(2z + y - \)[z{\ + 2j) + y(l - y)} + z(y - 1 - 2zy)} 

D, = 4{yz + z + (y + z)[l - y - 2z(l + /)]} 

D 2 = 2y(y + 1)[(1 - y)(y + 2z) - 2z 2 ], z = a x (a/$) 

In the general case, the thermophysical coefficients c, p, and k c are 
known to depend on condensed-phase temperature. 43 - 44 These results may 
be assumed to be a limiting case of the constancy of these coefficients. 
Another limiting case will be obtained when the current temperature T of 
the dependencies c{T), p(T), and k c (T) [Eq. (5a)] is replaced by the surface 
temperature T s . It seems to be of interest to analyze the influence of the 
variability of these coefficients on combustion stability. The re appears to 
be no exact analytical solution to this problem. From the particular cases 
of the linear temperature dependence k c (T) considered by Imber, 43 it has 
been established that the combustion stability region broadens for rising 
K{T). 

We propose the following method for estimation of the c, p, and k c 
variability effect in the case of monotonics thermal conduction a(T) = 
k c (T)/c(T)p(T). The essence of the method is to eliminate the explicit 
dependence of the thermophysical coefficients on temperature. For this 
purpose, we suggest substituting T with T — the average temperature of 
the condensed phase. In this case, the additional parameter x appears and 
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the equation of the stability region boundary (limit) takes the form 

, _ {k-r X - lf d /n{a(T)) 

k - r X + 1 ' X K ' dT s 

Comparing this equation with Eq. (6), one can see that each point of the 
previous boundary is moved along the k axis by a value of r\- Thus, the 
stability region broadens if x > 0 and narrows at x < 0. 

Consider now some results of the nonlinear analysis of combustion sta- 
bility. Novozhilov was the first to obtain data for opaque propellants, using 
the method of successive approximations. 41 It turned out that, in the close 
vicinity of the stability boundary, the resonance frequency depends on the 
square of the oscillation amplitude, when the third-order infinitesimal terms 
were taken into account. Another method of nonlinear analysis has been 
used by De Luca. 45 Let us apply this technique in terms of the Zeldovich- 
Novozhilov approach. Let us try to find a solution to the system of Eqs. 
(5a-5c) at q r = 0 in the form of the sum of initial steady-state and tem- 
perature profile perturbation: 

T(x, t) = T, n (x) + T(x, t) (8) 

The designation T m (x) = T a + (T? - T a )exp(r b x/a) is used here. Let 
the perturbation be spatially restricted by the depth of penetration h(t). 
Assume then that the perturbation has the form of a cubic polynomial of 
degrees (x/t); the value of perturbation, its derivative; and the second- 
order derivative is equal to zero at the distance h(t). Then 



nx, t) - 1 1 +■ ^) m, Kt) = 3 r ; Ts n2 



h(t) 



dT 

dx 



x = 0. 



(9) 



When Eqs. (8) and (9) are taken into account, Eq. (5a) is transformed 
into an ordinary differential equation: 



dT s _ 4 / - / in 



dt 3 T, - T t 



T s - T. in \ d/ 



/ - /in ) dT s 



« \r b [T„ ~ TJJ,p)] - a£(A)| (W) 

The right-hand side of Eq. (12) — named by De Luca as the nonlinear 
static restoring function (NSR function) — characterizes the burning system 
response to an occasional perturbation. Analysis of behavior of the NSR 
function at crossing points with the axis T s makes it possible to reveal the 
stability of steady combustion conditions for finite perturbations and to 
predict whether extinction can occur when switching off some external 
stimulus. 45 It should be noted that this method of analysis does not com- 
pletely substitute for solution of the nonlinear stationary Eqs. (5a) and 
(5b), because it has limitations on precision and, in addition, it cannot 
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extend further than the nearest local extremum point on the curve T s (t). 
Analysis of NSR-function behavior makes it possible to compare the results 
of the nonlinear analysis of stationary combustion stability with the linear 
one. The transition from nonsteady to steady-state burning can be carried 
out by sequential change of external conditions. In doing so, the derivative 
of the NSR function at the point corresponding to steady-state combustion 
conditions will reverse the sign; i. e., it will cross the abscissa axis. A set 
of parameters, making the value (df/dT s )\ Ts o = 0 in terms of values k and 
r, obtains the equation 

Figure 12 (curves 1, 2) represents a graphical comparison of linear bound- 
aries of stability by using Eqs. (6) and (11). Note that the two methods 
are in close agreement. 



C. Dynamic Characteristics of Radiation- and Pressure-Driven 
Transient Burning 

Two types of action on a burning solid propellant can be derived from 
physical considerations and formulation of the problem in the form of Eqs. 
(5a) and (5b). The first type includes external factors sharply changing the 
heat balance at the reacting surface and causing an "instantaneous" change 
of the burning rate. These factors are pressure, velocity of gas flows parallel 
to the burning surface, radiation absorbed on the surface, and so forth. 
The second action includes the factors changing the temperature profile 
in depth in the condensed phase, resulting in comparatively slow burning- 
rate changes. Such factors are radiation absorbed in propellant depth, 
distributed internal heat sources, and so on. 

Let us consider the action of the first type of factors (instantaneous 
ones). Novozhilov predicted a stationary burning-rate response to har- 
monic pressure pulsations in linear approximation. The response function 
has the following form 41 : 



y = (*>) /Vf 1 = V ± + V (12) 

" 1 ri ) \pj 1 + k + (r + k/u>)z K 1 



where 



d&p) T ; * p ~T?-T a \d^P 
1 , 1 /wV2 



Rew = 0, y = - Wl - 16w 2 r l, 2 = o ~ 1) + i 



y 

2 \ y V ' l V2 
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Similarly, the burning-rate response to the oscillations of the radiant flux 
absorbed on the burning surface (q s ) can be calculated and an equation 
identical to Eq. (12) can be obtained, if g-indexed symbols are introduced: 



In the particular case, when in the equations r° b = r° b (T s , p) or r° = 
r b(T s , q s ) there is no dependence on p or q s , h p = 5 9 = 0 and the response 
functions [Eq. (12)] coincide accurately up to the ratio vjv q . De Luca was 
the first to formulate this result. 46 It gives a simple way to deduce from 
pressure sensitivity of the burning rate its radiation sensitivity and vice 
versa. 8 p = 0 and h q = 0 means that |x = vrlk and that there is a universal 
dependence of the burning rate on the burning surface temperature. The 
characteristic feature of this dependence is the fact that the burning-rate 
response amplitude falls off to zero with an unlimited increase of pertur- 
bation frequency, since in accordance with Eq. (12) one finds that cp(w —* 
») -> b/r. 

In the general case, it is necessary to perform calculations using the 
complete formula of Eq. (12). Note also that, in the nonlinear approach, 
the similarity of response functions can be violated due to the complicated 
dependence of resonance frequency on the perturbation amplitude. 

The function of the burning-rate response to factors of the second type 
(radiation absorbed in propellant depth) can be presented on the grounds 
of results of Ref. 47 as follows: 



N 



Ar b 




Aq 






<7in 



, , (N - z) 2 + Y 2 
= MZMI J Al l Al (Ba) 



= K 1 + ^)' y = 2^5 VvrTT6 ^" 1 ' ReM> ° (13b) 



g = d 1- 



(13c) 



k* + r* + V k* + r* + V ° \ l-zj 

A, = w 2 (Nb - 1) + oidY + z(l - z)[co6 + g(l - N)] (13d) 
A 2 = Ybw 2 + (od(l - zj - N) + z(l - z)[co(l - Nb) - Yg] (13e) 



Expression (13a) has been obtained by a successive approximations method. 
Calculations by this equation show that the resonance frequency value 
depends on propellant transparency and radiation intensity. With a de- 
crease in transparency and radiation intensity, the resonance frequency 
increases (Fig. 13). Simultaneously, with a decrease in radiation intensity, 
the value of the response function modulus decreases over the whole fre- 
quency range, excluding the point of zero frequency. At zero frequency, 
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Fig. 13 Calculated amplitude-frequency characteristics at various propellant 
transparencies: 1) a K = 500 cm" 1 ; 2) a k = 115 cm -1 ; 3) a K = 15 cm 1 . 



the response function amplitude is equal to 

k*j 



k*j 



Phase characteristics of the response function are determined by this 



equation^ 



tgb = 



(z - AQA t - YA 2 
(z - A0A 2 - YAj 



(14) 



At zero frequency, the phase shift is equal to zero. At resonance fre- 
quency, the response lags by an angle greater than -ir/2. At high fre- 
quencies, the maximum response lagging in accordance with Eq. (14) takes 
the following form: 



At the same time, for propellants with a low transparency, a positive shift 
appears at frequencies lower than the resonance one. This phase shift 
corresponds to the advance of the burning-rate phase with respect to the 
radiant flux oscillation phase. 

Numerical solutions by complete problem formulation in the form of 
Eqs. (5a-5c) at q(i) = \q r \e iu " have shown 47 that formulas (13) and (14) 
correlate with numerical calculations up to 10%. The calculations were 
performed at 10% modulation of external radiant flux intensity, with the 
external flux accounting for about 15% of the total heat flow at the burning 
surface. It follows from the numerical calculations that nonlinear effects 
become more pronounced when propellant transparency is lowered. Non- 
linearity is exhibited by distortion of the form of the burning-rate response 
to radiant flux harmonic oscillations. The distortion causes a misfit of phase 
shifts determined by the maximum and minimum burning rates. Figure 14 
shows different phase shift dependencies for semitransparent (curves 1, 2) 
and a unique one for transparent (curve 3) propellants. 
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Fig. 14 Phase-frequency characteristics at various propellant transparencies: 
1) a x = 115 cm- 1 , 0 max ; 2) a K = 115 cm" 1 , e mln ; 3) a x = 15 cm"". 



The effect of propellant transparency on characteristics of transient burn- 
ing processes has been studied 48 by means of numerical simulation of burn- 
ing conditions, when radiant fluxes were switched on and off. Figure 15 
depicts typical curves of propellant burning-rate behavior; the parameters 
of steady combustion correspond to the area of linear stability. For a 
transparent propellant (a k = 15 cm -1 ), the transitions from one regime 
to another occur monotonously (curves 2, 3); a less transparent propellant 
(a x = 115 cm -1 ) is characterized by transition processes with burning-rate 
extrema (curves 1,4). Figure 16 shows burning-rate behavior after cutting 
off a radiant flux; the parameters of steady-state combustion (at q r = 0) 
correspond to close vicinity of the stability boundary. An increase in pro- 
pellant transparency causes a long-time transition (curve 1) into burning- 
rate auto-oscillations, whereas a low transparent propellant with the same 
burning-rate parameters extinguishes under the same conditions (curve 3). 
An increase of a radiant flux drop gives rise to the change of the burning- 



f cm 

b' S 




0.06 I j I 1 1 

0 0.25 0.5 0.75 t,s 



Fig. 15 Burning-rate behavior under the sharp drop (1, 2 — positive; 3, 4 — 
negative) of an external heat flux for propellants with various transparencies: 
1, 4— a y = 115 cm" 1 ; 2, 3— a x = 15 cm 1 . 
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Fig. 16 Burning-rate behavior in the vicinity of the stability boundary at various 
depths of external heat flux drop and various transparencies: 1 — a x = 15 cm -1 ; 
2, 3, 4 — a x = 115 cm -1 ; 1, 3 — 6 cal/cm 2 s; 2 — 0.5 cal/cm 2 s; 4 — 1.5 cal/cm 2 s. 




rate behavior from quick transition to auto-oscillations (curve 2), to a much 
longer one with relaxation oscillations (curve 4), and even to extinction. 

Energy analysis of transient processes makes it possible to reveal some 
qualitative dependencies of nonstationary burning rate behavior. Estima- 
tions show that enthalpy excess for sufficiently transparent propellants (a x 
< r b la) in a stationary combustion wave driven by radiation is higher than 
without radiation. On the contrary, for sufficiently opaque propellants (a x 
> r°/a), the enthalpy excess in the combustion wave under radiation is 
lower than without radiation. Hence, a conclusion about the burning-rate 
behavior that provides an appropriate enthalpy excess in the combustion 
wave can be drawn. Taking into account the equation a/ = r b [T s — T a {r b , 
p)], let us integrate in space Eq. (5a) to obtain the expression for the rate 
of variation of enthalpy excess: 

o 

d -f=c 9 j 9(7 ~ Ta) dx = c P r b [T a - T a {r b , p)] + q{t) (15) 

— cc 

It follows from Eq. (15) that, in particular, to accumulate the heat storage 
in a propellant after sharply cutting off the radiant flux, the nonstationary 
burning rate should be lower than the stationary burning rate under the 
same environmental conditions, and to consume the heat storage, the burn- 
ing rate should be higher in comparison with the nominal one. Such pre- 
dictions are consistent with computed curves of the burning-rate change 
for propellants having various transparencies (Fig. 15, curves 3, 4). Simi- 
larly, predictions for the case of a sharp cutting in of a radiant flux are 
confirmed. 
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D. Comparison with Experimental Results 

When combustion processes are under investigation, a comparison of 
theoretical predictions with experimental data is always a complex problem. 
First, there are difficulties in finding an adequate mathematical description 
of the complex physicochemical processes occurring in the combustion 
wave. Mention only inhomogeneity of consumption and evaporation of 
components, the complexity of component chemical interaction in the con- 
densed and gas phases. Second, there are no reliable data sets on ther- 
mophysical properties of a propellant in a wide temperature range or data 
on chemical kinetics parameters. For these reasons, complete theoretical 
approaches could not be formulated, and currently, semi-empirical ones 
must be used. 

Initially, comparison with experiments requires a verification of quali- 
tative theoretical predictions. The predictions of resonance character of 
the burning-rate response to radiant flux harmonic perturbations and those 
of critical conditions of combustion near the limits are of most interest. 

First, it is necessary to note that the experiment has verified the existence 
of "resonant" properties of the burning-rate characteristics for a number 
of composite and DB propellants. 25,26 Then the results of experimental 
study of the burning-rate behavior under periodical oscillations of a radiant 
flux have shown good qualitative agreement with theoretical predictions 
of phase shift and amplitude response as a function of propellant trans- 
parency and radiant flux intensity. Because of these reasons, it is impossible 
to carry out an exact quantitative verification of theory; instead, an indirect 
approach may be applied when one checks the correlation between ex- 
perimental data on the transient burning rate and calculated ones, math- 
ematical simulation being performed using empirical information obtained 
under independent conditions. 

A set of values of resonance frequencies and analytical expressions for 
their calculation in the form co = w(k, r) being available, 41 the appropriate 
values of r can be derived from the values of k known from the stationary 
empirical functions r% = rl{T a ). (In accordance with Ref. 41, w = 
\/{klr 2 ) - y 2 , where 7 = [(k + l)r + (k - l) 2 ]/2r 2 is the decrement for 
burning-rate oscillations.) Couples of the values of (k, r) found by using 
this method are convenient for additional calculations of dynamic burning. 
This procedure has the following advantages. First, one may attempt to 
determine the values of r(T a , q r ) more precisely than in the case of direct 
processing of the experimental function T s {T a ). Second, the approach ap- 
pears to be better grounded because both the estimation of r and its ap- 
plication in subsequent calculations are performed under the same 
assumptions (in terms of phenomenological theory by Zeldovich and 
Novozhilov). 

To illustrate these facts, Table 1 presents the values of characteristics of 
the DB propellant N + Cat under "resonant" combustion at atmospheric 
pressure. Note that the value T s (T a = 100°C) = 360°C is taken as the 
reference one, the remaining values being calculated for r(T a ) obtained 
from the equation 10 = ix>(k, r). 
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Examining the data presented in Table 1 shows that the higher the initial 
temperature, the lower the stability of the N + Cat propellant self- 
sustaining burning. Indeed, the valueN 0 = (k - l) 2 lr{k + 1) characterizing 
closeness of point (k, r) to the stability boundary (see Fig. 12, where the 
line N 0 = 1, curve 2, corresponds to the boundary of stability) for T a = 
20°C is equal to 0.3 and locates deep in the stable region, whereas for 
T a = 100°C the value of N 0 is equal to 1 and for T a = 120°C N 0 = 1.06 
(below the linear stability boundary). 

After sharp interruption of a radiant flux, the simulation of the dynamic 
behavior of the N + Cat propellant burning rate was performed using the 
data of Table 1. In the case when the (k, r) parameters of the burning 
propellant correspond to the boundary of combustion stability, the non- 
attenuating character of the burning-rate oscillations and the value of fre- 
quency of the auto-oscillations succeed to be represented numerically. With 
a proper choice of parameters, the extinction of DB propellants under the 
action of a radiation flux drop also succeeds to be reproduced numerically, 
with qualitative behavior of transient burning rate strongly depending on 
the values (k, r). Unfortunately, reliable values of (k, r) in a wide range 
of burning conditions are unknown, and for unstable regimes it is basically 
impossible to determine these values. Therefore, the works on transient 
combustion numerical simulation with further comparison with experi- 
mental data on r b {t) assume ever greater importance; the information about 
the best values of matching coefficients can be taken from such works. 

Note that a priori conclusions on transient burning-rate behavior are 
frought with errors, since the dynamics of unsteady burning is determined 
by many factors, including interrelation between the initial and final levels 
of the burning rate, the particular kind of initial temperature distribution, 
details of pyrolysis laws, burning-rate initial temperature sensitivity, etc. 
Thus, for instance, in experiments with stationary burning of the DB pro- 
pellant N + 1% CB (see Section IV. B), the action of the radiant flux 
drop, accounting for 40% of the total heat flux on the burning surface, 
causes less dramatic consequences than the action of 20% perturbation of 
total flux. In the latter case, extinction takes place, with the lower stability 
of steady-state combustion at a low initial temperature being a possible 
cause. 



Table 1 Steady-state combustion characteristics for N + Cat propellant 



T a , °C 


T„ °C 


k 


r 


r'l," cm/s 


n, a Hz 


120 


368 


2.23 


0.44 


0.14 


9 


100 


360 


2.08 


0.38 


0.12 


7 


80 


350 


1.85 


0.31 


0.10 


6 


50 


344 


1.62 


0.20 


0.085 


5.5 


20 


338 


1.27 


0.11 


0.075 


5 



'The values of i% and fi have been determined experimentally. 
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VI. Conclusions and Future Work 

A. Main Results 

1) Studying the combustion of solid propellants under the action of thermal 
radiation offers broad prospects for investigation of the mechanism and fun- 
damental laws of the combustion process. This is due to the following factors: 
a) great possibilities of radiant flux amplitude control and changing radiation 
absorption in the depth of the propellant; b) contactless interaction with a 
substance; and c) principal possibilities of fast energy transfer to a substance. 
The possibility of physical modeling of unsteady burning at a constant pressure 
also seems to be of significant value; this modelling simplified substantially 
the mathematical description of the process. 

2) To study the dynamic behavior of the radiation-driven burning rate 
of solid propellants, it is necessary to have powerful radiation sources (not 
less than 100-500 W), preferably lasers with energy homogeneously dis- 
tributed over the beam cross section and installations for measuring the 
nonstationary burning rate in the range of 10~ 2 -10 cm/s with frequency 
characteristics not worse than 0-1000 Hz. There is no commercial equip- 
ment with these technical specifications: only individual laboratory setups 21,29 
show characteristics close to those required. 

3) When available laboratory facilities were used to investigate the com- 
bustion of solid propellants under irradiation, a number of fundamental 
results were obtained, including the experimental detection of resonant 
properties of the burning rate under a periodic radiant flux, results on the 
dependence of the burning-rate frequency characteristics on the initial 
temperature level, radiant flux amplitude, and radiation wavelength. Data 
on minimum values of radiant flux drops causing propellant extinction were 
obtained, and the dynamics of the burning system under critical cortditions 
were studied. 

4) The Zeldovich-Novozhilov phenomenological theory has been suc- 
cessfully used for numerical simulation of unsteady burning under radia- 
tion. The mathematical simulation of various transient combustion processes 
under radiation, including that of oscillating combustion under radiant flux 
variable in time, has been performed in terms of this approach. Quanti- 
tative calculations need the characteristics of stationary dependencies of 
the burning surface temperature and burning rate on initial temperature 
to be reliably known, but in practice they are not. The former dependence 
(determined in stationary experiments with the most difficulty) can be 
found by processing the data on resonance frequencies of the burning rate 
at various initial temperatures. The limitations of the available theoretical 
approaches are caused by assumptions of solid-propellant homogeneity, 
the absence of chemical reactions in the condensed phase, and the instan- 
taneous relaxation of heat processes in the gas phase. 

B. Future Work 

1) Subsequent development of studies on solid-propellant combustion 
under radiation calls for improvement of experimental facilities. It is nec- 
essary to extend the radiation wavelength range, especially into the U V 
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region of the spectrum, and to increase the radiation flux intensity up to 
1-10 kW/cm 2 . It is also required to extend the frequency range of the 
nonstationary burning-rate measurement system up to 10 kHz, with the 
sensitivity provided high enough to measure burning rates of 10 ~ 2 cm/s 
and less. Experimental data processing should be carried out by numerical 
methods with filtering and frequency analysis of recorded signals. 

2) It is necessary to continue the development of mathematical models 
to describe more correctly the effect of radiation on burning rate. It is 
required to elaborate on adequate techniques for calculation of radiation 
absorption in completely heterogeneous media, such as modern composite 
propellants. In addition, comprehensive solid-propellant combustion models 
should take into account a) real chemical kinetics for the reactions in the 
condensed and gas phases, and b) the effect of the heterogeneity of com- 
ponents on the processes of heat and mass transfer in the condensed and 
gas phases. 

3) To obtain new information about the combustion mechanism of solid 
propellants, it is required to continue systematic investigations on com- 
bustion stability, including those on oscillatory combustion and critical 
conditions of extinction. It is in prospect to analyze in detail the physical 
mechanism of extinction of solid propellants, to determine a dependence 
of critical conditions on a type of action, and to construct dynamic stability 
criteria for different types of propellants. At the same time, mechanisms 
of forced pyrolysis and its rate control should be investigated. 
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Chapter 11 



Self-Sustained Oscillatory Burning of Solid 
Propellants: Experimental Results 

C. Zanotti* and U. Carretta* 
Consiglio Nazionale delle Ricerche, Milan, Italy 
and 

C. Grimaldif and G. Colombo$ 
Politecnico di Milano, Milan, Italy 

Nomenclature 



A = collection area of a double-probe electrode, cm 2 

c = exponent defined by the law v « p c 

D = oxidizer particle diameter, u.m 

E c = activation energy of condensed-phase reactions, cal/mole 

/ = electric current, (jlA 

/„ = electric current due to random current density of ions, u. A 

I a = external radiant flux, cal/cm 2 s 

J r = random current density, uA/cm 2 

J re = electron random current density, |xA/cm 2 

J ri = ion random current density, |xA/cm 2 

J rk = ion random current density of the /rth ion species, p-A/cm 2 

K D = layer frequency constant, nondimensional 

Kn e = electron Knudsen number 

Kn k = Knudsen number of the kth ion species 

m e = electron mass = 9.1 x 10 ~ 28 g 

m k = mass of the kth ion species, g 

n = ballistic exponent (defined by the law r b = ap") 
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n e = electron density, cm -3 

n 0e = electron density in the unperturbed plasma, cm 3 

n k = density of the Ath ion species, cm 3 

n 0k = density of the kth ion species in the unperturbed plasma, cm 3 

p = pressure, atm 

q = elementary electric charge = 1.6 x 10~ 19 C 

q e = electron charge, C 

q k = charge of the kth ion species, C 

2ft = universal gas constant = 1.987 cal/mole K 

r b = steady-state burning rate (time-invariant or average self-sustained 

oscillatory), cm/s 

s = exponent defined by the law v oc r% 

t = time, s 

T_ x = cold boundary temperature, K 

T e = electron temperature, e V 

T k = ionic temperature, e V 

v e = electron thermal speed, cm/s 

v k , v, = ion thermal speed, cm/s 

v k = total speed of the kth ion species, cm/s 

V = voltage difference applied between double-probe electrodes, V 

Z k = ionization number 

a c = condensed-phase thermal diffusivity, cm 2 /s 

8 C = condensed-phase characteristic thermal wave thickness, cm 

v = oscillation frequency, Hz 

t c = characteristic time of the condensed phase, s 

<j) j0 = electric potential at the electrode surface, V 

cj) r = reference value of the potential in the unperturbed plasma, V 



I. Background 

A. Motivations and Objectives 

STEADY burning of solid rocket propellants is not time invariant but 
is self-sustained oscillatory when the operating conditions (pressure p, 
ambient temperature T amb7 external radiant flux I a ) are properly chosen. 
This unusual behavior of solid-propellant burning may cause serious prob- 
lems to rocket motors that might operate, even for short times, under these 
conditions; loss of performance and, in the worst cases, extinction or ex- 
plosion may follow. It is therefore important to know for which operating 
conditions self-sustained oscillatory burning occurs. Although pressure and 
ambient temperature are the parameters that commonly influence oscil- 
latory combustion in practical applications, an external radiant flux im- 
pinging on the propellant combustion surface is also able to modify its 
behavior. In solid rocket propulsion, these pieces of information may be 
required for a correct design of the motors, with specific attention to 
ignition or depressurization transients at low pressure. In addition, the 
capability to predict occurrence and features of oscillatory burning may be 
a critical test for intrinsic burning stability theories. 
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The objectives of this paper consist of the following: 

1) to confirm the existence of oscillatory burning; 

2) to measure the combustion frequency using different techniques; 

3) to analyze the effects of operating conditions, including an external 
radiant flux impinging on the burning surface; and 

4) to compare the results obtained by systematically testing several pro- 
pellants. 

B. Mechanism of Oscillatory Burning 

The oscillating mechanism, originally proposed by Huffington 1-3 and 
later by Librovich and Makhviladze, 4 consists of a succession of fast 
burnups of unreacted but heated layers, each requiring a prolonged thermal 
time lag for ignition to occur. For instance, following a burning-rate spike 
(i. e., a sharp increase in burning rate followed by a similar sharp decrease), 
the condensed-phase temperature will drop to values lower than the ones 
corresponding to steady-state burning. At that point, the heat feedback 
from the gas phase will be much larger and will slowly drive up the surface 
temperature. Because the warming time is long, a thick, heated layer with 
a relatively low surface temperature is generated. When the surface tem- 
perature reaches a suitable value, a burning spike again occurs in the form 
of volumetric thermal explosion in the solid near the burning surface, 
closing the cycle, which can continue indefinitely. 

During a cycle, the surface temperature moves to the value below which 
an increase in heat flux from the gas to the solid phase is not enough to 
compensate for the decrease of heat release at the burning surface and 
support, in a stable way, the thickening of the conductive thermal layer in 
the condensed phase. When that happens, for a given set of operating 
conditions, the mechanism of oscillatory burning is broken, and the pro- 
pellant extinguishes. 

C. Radiation-Sustained Burning 

Studies on the effects of external energy contribution to solid-propellant 
deflagration, although not common, began about 40 years ago. One of the 
first investigators was Avery, 5 who, starting from the occurrence of un- 
predicted damages in double-base (DB) -charged motors, supposed the 
radiative contribution to be important in combustion processes. Since then, 
several authors have studied the effects of radiation on solid-propellant 
burning from both the scientific and technological points of view. Early 
studies were accomplished with arc-image furnaces whereas, nowadays, 
the most effective tool is a CO z laser. 

Combustion tests under external radiant flux show, for ammonium per- 
chlorate (AP) -based propellants with and without aluminum as well as 
for DB, that large increases (even more than 100%) in the burning rate 
take place at low, typically subatmospheric, pressures. With increasing 
pressure, the difference becomes progressively less until it disappears com- 
pletely. This effect, obviously depending on the external energy level, too, 
is easily explained, considering that a given radiant flux is much higher 
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than the heat feedback from the gas phase at low pressures, whereas it 
becomes gradually negligible at higher pressures. 

Moreover, the influence of radiation on burning rate, and subsequently 
on the whole thermal profile, suggests studying its effects on the oscillatory 
burning regime as well. Results of an experimental research program on 
the oscillatory behavior of solid propellants under external radiation are 
presented in Sec. IV. D. 

Other interesting experiments can be conducted on propellants subjected 
to an external radiant flux. For example, 1) under steady burning, forced 
oscillations, and radiation-sustained burning at very low pressures (see Sec. 
V. A); 2) under transient burning, extinction induced by fast deradiation, 
and pulsating ignition (see Sec. V. C). 

Finally, notice that radiation-sustained burning is also important because 
of the possible strong connections between radiation-driven burning and 
pressure-driven burning (see the chapter by Zarko et al. in this volume). 



II. Literature Survey 

The following survey is based on Ref. 6 but has been revised and 
enlarged. 

The original work of Huffington 13 on chuffing and oscillatory burning 
of cordite goes back to the beginning of the 1950s. Experimental results 
and a theoretical interpretation, in terms of condensed-phase thermal ex- 
plosion, were presented for both phenomena. The proposed mechanism 
for oscillatory burning of cordite was the successive explosion, assisted by 
gas-phase heat feedback, of discrete surface layers of decreasing thickness 
with increasing pressure. The Frank-Kamenetskii thermal explosion theory 7 
was extended to include a monodimensional slab of decomposing explosive, 
enclosed between two parallel walls, with one surface (hot boundary) sub- 
jected to a constant heat-transfer rate while the other (cold boundary) was 
maintained at a constant temperature. For cordite, this temperature was 
taken as the melting temperature (460 K); for other cases, it was simply 
the ambient temperature. The solution determines, for a given heat-trans- 
fer rate to the burning surface, the critical slab thickness and surface tem- 
perature above which the volumetric decomposition develops to explosive 
rates. These critical values were found to depend on the dimensionless 
parameter £' c /(Sftr_ 0= ), where E c is the activation energy of the distributed 
exothermic reaction (assumed to be of the Arrhenius type) in the condensed 
phase and T_ x is the cold boundary temperature. The theory successfully 
predicts, at 20 atm, the burning off of a 50-|xm-thick layer at a frequency 
of about 40 Hz. This remarkable approach suffers today from the limita- 
tions of the Frank-Kamenetskii type of theory. 

Further work done in the United States 8-16 yielded controversial results. 
Huggett et al. (Ref. 8, p. 40) attribute the pulsating combustion of chuffing 
to "the formation of a combustible gas mixture which, when a critical 
concentration is reached, ignites spontaneously," but experimental evi- 
dence denies gas-phase effects. Inami and Shanfield 9 observed the pulsating 
combustion of AP strands containing aluminum in the pressure range 68- 
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136 atm and found the frequency peak (of the order of several tens of 
hertz to some 100 Hz) to increase with increasing pressure and aluminum 
content (15% at most). Inami and Shanfield 9 attributed this nonacoustic 
instability to aggregation of aluminum on the burning surface and its sub- 
sequent burning in a single pulse; however, experimental evidence shows 
that AP-based composite propellants may exhibit oscillatory burning even 
without the addition of aluminum. Eisel et al. 10 tested both metallized DB 
and aluminized AP-based composite propellants in laboratory burners and 
observed low-frequency (below 100 Hz) oscillatory burning for pressures 
up to 13 atm. Eisel and co-workers recognized that "one or more of the 
solid-phase processes is probably involved" (Ref. 10, p. 1322) in the non- 
acoustic burning oscillations. 

Angelus and co-workers, 11-13 experimenting with both motors and strand 
burners, observed the following: 

1) Oscillatory frequency increases whereas oscillatory amplitude de- 
creases when pressure increases. 

2) Oscillatory burning is independent of geometry and other rocket mo- 
tor parameters. 

3) Oscillatory frequency is the same in air and nitrogen. 

4) Oscillatory burning occurs for a wide variety of solid propellants, 
including conventional DB, catalyzed DB, metallized DB, cast modified 
DB, ammonium perchlorate/polyurethane (AP/PU) composite propellants 
composite modified double base (CMDB). 

5) Frequency and amplitude of the oscillatory burning increase for in- 
creasing propellant initial temperature. 

6) Oscillatory amplitude increases for increasing metal concentration, 
whereas the oscillatory frequency is not affected. 

7) Neither amplitude nor frequency is affected by the charge size. 
Yount and Angelus (Ref. 13, p. 1312) conclude that "Chuffing and low 

frequency instability in CMDB solid propellant rocket motors are inter- 
preted to be initiated through a condensed-phase thermal explosion mech- 
anism, which is inherent in the propellant combustion process." The proposed 
theory (1964) was basically a clever but artificial modification of the Frank- 
Kamenetskii 7 or Huffington 1-3 theories. 

Eisel et al. 14 experimentally observed fluctuations in temperature of up 
to 500 K and in composition of up to 40% in low-pressure burning (2-4 
atm) of AP:PU 80:20 composite propellants. This could be explained by 
simply assuming composition fluctuations of ±4% AP at the burning sur- 
face because of propellant heterogeneity. The quasisteady gas-phase as- 
sumption was verified (up to 100 Hz), but, in general, local quasiequilibrium 
had to be acknowledged. Pressure-driven bulk mode instability of the test 
device was shown to be responsible for tight phase correlation of the other- 
wise random local intrinsic burning fluctuations. 

On the other hand, skeptical comments were made years ago by Price 
(Ref. 15, p. 167; Ref. 16, p. 111) about the occurrence of "spontaneous" 
oscillations in nonmetallized propellants and about their importance in 
practical combustion devices, advocating the need of some phase synchro- 
nization mechanisms for significant effects to show up over large burning 
surfaces. 
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A relatively large amount of work on oscillatory burning of several 
reactive materials, including DB- and AP-based propellants, was per- 
formed by Soviet investigators. A theoretical review of this question is 
contained in Novozhilov's monograph on solid-propellant burning (Ref. 
17; see also the chapter by Novozhilov in this volume). In particular, a 
numerical solution for the unsteady propagation of the exothermic reaction 
front in a gasless system (condensed-phase energy equation coupled with 
a distributed chemical-reaction rate of the Arrhenius type) was presented 
in 1971. 18 The mechanism used by the authors to explain the oscillating 
combustion observed under a wide combination of relevant parameters 
relies on the "excess enthalpy" of the steadily propagating combustion 
front compared with the enthalpy of the initial material. Librovich and 
Makhviladze 4 took up this problem in 1974; they simplified the gasless 
system by considering a collapsed chemical layer separating the initial 
material from the combustion products. An analytical solution was found 
via an integral method (Fourier transform) and successfully compared with 
the previous numerical solution of Ref. 18. In both cases, an increase in 
the activation energy was found to increase the period of the oscillating 
combustion rate and the amount of displacement of the reaction front 
during one oscillation but to decrease its mean velocity. Frequencies were 
on the order of several tens of hertz. 

Experimental results on self-sustained oscillatory combustion of pure 
and metallized DB propellants, both in a strand burner and rocket com- 
bustion chamber, were published in 1971 by Svetlichnyi et al. 19 In the 
pressure range of 1-140 atm, combustion oscillations (revealed by radiation 
emission and electrical conductivity of the burning zone) up to several tens 
of hertz were detected. The authors qualitatively ascribed these oscillations 
to unstable thermal relaxation of the condensed-phase heated layer or 
nonsimultaneous burnup of condensed-phase components with different 
volatilities. Oscillating amplitudes were observed to depend on sample size 
and to feature a maximum (around 15 to 20 mm sample diameter); the 
decrease in oscillating amplitude for larger samples was explained as re- 
sulting from lack of phase coherence. Pressure and/or condensed-phase 
thermal wave structure were suggested as possible mechanisms of the 
underlying synchronization. 

However, according to the same authors, 19 self-sustained oscillatory burning 
of the same DB propellants at pressures less then 70 atm is due to incom- 
plete combustion. This and other oscillating mechanisms are related to 
burning peculiarities (e. g., incomplete burning, discussed in Ref. 19, and 
inhomogeneities of the combustion wave, discussed in Refs. 20 and 21). 

Oscillatory burning may also be due to combustion/fluid dynamics cou- 
pling, but this is beyond the scope of this work. 

Experimental results for self-sustained oscillatory combustion of com- 
posite propellants in strand burners were recently published by the Milan 
group of investigators. 22,23 It was found that, in a pressure range very close 
to pressure deflagration limit (PDL), the combustion oscillations have very 
low frequencies (0.3-10 Hz). The results show that the burning frequency 
increases with pressure or, more significantly, with the average burning 
rate. 
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The first quasisteady gas-phase model, predicting intrinsic burning in- 
stability and resonant combustion of homogeneous solid propellants due 
to the condensed-phase relaxation time, was introduced by Denison and 
Baum 24 in 1961; the solution was obtained for a laminar premixed flame 
with one-step overall reaction of large activation energy. In 1969, Williams 
and Lengelle 25 specifically modeled the effect of nonmetallized composite 
propellant heterogeneity on the burning response by picturing alternatively 
layered solids; pressure oscillations were shown to induce coherence in the 
otherwise random-phase burning-rate oscillations through second-order 
terms. A review of self-sustained oscillatory burning of gasless systems and 
solid propellants was recently offered in Ref. 26, mainly from a theoretical 
standpoint and in terms of condensed-phase activation energy asymptotics; 
these oscillations were considered physically a limiting case, for large values 
of the Lewis number, of a wide class of thermodiffusive intrinsic instabilities 
typical of premixed flames. 

In 1976, predictions and numerical results for a model explicitly consid- 
ering the deflagration of homogeneous solid propellants but allowing for 
finite-size disturbances [quasisteady Merkle-Turkle-Summerfield (MTS) 
flame] were offered by De Luca. 27 - 28 Other results and an interpretation 
in terms of bifurcation diagrams were given later 29 31 (see also the chapter 
by De Luca in this volume). Kooker and Nelson 32 numerically confirmed 
the existence of a self-sustained oscillatory burning regime for homoge- 
neous solid propellants [the quasisteady linearized Krier-T'ien-Sirignano- 
Summerfield (KTSS) flame model was adopted]. The assumption of a 
quasisteady gas phase in these developments may be open to criticism, as 
rightly pointed out by T'ien. 33 Peters 34 numerically observed self-sustained 
oscillations of hybrid burning of porous spherical particles of combustible 
material immersed in an infinite stagnant oxidizing atmosphere by solving, 
via an integral method (polynomial space dependence of the relevant var- 
iables), the governing set of five ODEs. A rigorous analytical treatment 
of the oscillating combustion associated with the gasless burning of con- 
densed systems discussed in Refs. 18 and 19 was offered by Matkowski 
and Sivashinsky. 35 They showed that a periodically pulsating solution arises 
as a Hopf bifurcation from the uniformly propagating solution, the bifur- 
cation parameter being the product of a nondimensional activation energy 
and a factor measuring the difference between nondimensional tempera- 
tures of unburned reacting material and the combustion products. The 
amplitude, frequency, and velocity of the propagating pulsating front were 
also computed (within the framework of a nonlinear treatment). 

III. Experimental Detection of Self-Sustained Oscillatory Burning 

A. Experimental Apparatus and Procedure 

To properly perform solid-propellant burning tests near PDL, a special 
strand burner was realized for runs at subatmospheric pressures (Fig. 1). 
Because of low pressure, it was possible to mount very large optical glass 
windows that allowed satisfactory visual detection. The combustion cham- 
ber consists of a test section in which the propellant sample burns and a 
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Fig. 1 Sketch of a low-pressure strand burner with the techniques for detecting 
the oscillatory frequencies. 



tank in which to dump potential pressure waves. The total internal volume 
is about 30 liters. Ignition is given by an electrically heated nichrome wire. 
The gas feed and exhaust circuits are schematically sketched in Fig. 2. The 
vacuum is obtained by means of a high-performance rotative pump. Sub- 
atmospheric pressure was measured by a piezoresistive transducer (Balzers 
APR 016, natural frequency >15 kHz, resolving 0.0001 atm below 0.200 
atm pressure) facing the propellant. 

To reveal burning oscillations, three different diagnostic techniques were 
implemented. The overall light emission from both the gas phase and 
burning surface was detected by means of phototransistors. Thermal pro- 
files of the entire solid-propellant deflagration wave, from condensed to 
gas phase, were measured by means of microthermocouples. The char- 
acteristics of a double electrostatic probe inserted into the propellant flame, 
i. e., the current vs voltage across the two electrodes, were also recorded. 



&A1AA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



SELF-SUSTAINED OSCILLATORY BURNING 



407 



TRAP 



VP 



PRESSURE 




TRANSDUCER DISPLAY 





VIDEO TIMER 



T.V.CAMERA 3] 

SCALE 



VIDEO RECORDER 



X 



MONITOR 



DIGITAL RECORDER 




COMPUTER 




PR 



VP VACUUM PUMP 

MV MANUAL VALVE 

PR PRESSURE REGULATOR 

M1 HIGH PRESSURE MANOMETER 

M2 LOW PRESSURE MANOMETER 



PH 

A 

R 

VC 
SG 



PHOTODIODE 

AMPLIEIER 

100 Kfi RESISTOR 

VOLTAGE CONTROL 

SWEEP GENERATOR 



Fig. 2 Schematic of the experimental setup and data acquisition systems. 



Details of light emission and thermal profile techniques are reported in 
Sec. III. B and of the ion current technique in Sec. III. C. 

In order to perform tests for pressures above the atmospheric value or 
to study the dependence of burning rate and oscillation frequencies on 
diabaticity (e. g., an external energy input supplied by a laser beam), the 
experimental line sketched in Figs. 3 and 4 was set up. The stainless steel 
combustion chamber, horizontally displaced, is collimated with the optical 
axis of a C0 2 laser, with maximum power of 60 W and emission at 10.6 
|xm. A mechanical shutter and a radiation attenuator are placed along the 
optical line. At the top of the combustion chamber, a ZnSe window is 
placed, with a transmission coefficient higher than 99%. The pneumatic 
system and diagnostic techniques (for burning rate and combustion oscil- 
lation) are similar to those previously described. 



&A1AA 

ifoVhU^hmBhriinfBmkmlmfy Purchased from American Institute of Aeronautics and Astronautics 



408 



C. ZANOTTI ET AL. 



v.c. 



SHUTTER 

CONTREIL 



P.M. 
DISPLAY 



r _ C02 LASER □ | sh. | | p a. \ pp] 



Zn Se 
WINDOV 



L _ LASER 

PDWER SUPPLY 



PH. PHDTDDIODE 

P. PRDPELLANT 

V. P. VACUUM PUMP 

SH. SHUTTER 

P. A. PDWER ATTENUATOR 

L. B. A. LASER BEAM ANAL YZER 

P.M. PDWER METER 

V.C. VIDEO CAMERA 

G. C, GAS C YLINDER 




Fig. 3 Schematic of the C0 2 laser system and optical line. 
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Fig. 4 Schematic of the pneumatic system of the combustion chamber used with 
the C0 2 laser. 
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A fixed experimental procedure was followed. The combustion chamber 
is first evacuated (down to a residual pressure of about 0.002 atm), then 
purged with the test gas, again evacuated, and finally filled with the test 
gas at the desired pressure. At this time, the propellant sample is ignited. 
If the test pressure is less than 0.080 atm, the propellant is ignited at 0.080 
atm, after which pressure is slowly decreased. No pressure oscillations 
could be observed during the tests. 

For most runs, the propellant samples were 60-mm-long cylinders, with 
a square cross section ranging from 5 x 5 to 16 x 16 mm 2 . When necessary , 
propellant samples were laterally inhibited to combustion, in order to achieve 
a flat burning surface. The average burning rate was measured with a 
nonintrusive technique developed by this research group and described in 
the chapter by Zanotti et al. in this volume. 

B. Oscillatory Burning Frequency Measurements 

Several techniques can be implemented to detect the oscillations of a 
solid-propellant combustion (notice that monitoring the visible emission 
by the naked eye and a timer is enough to obtain quantitative results at 
very low pressures). For systematic investigations of oscillatory burning, 
three parameters were measured: light emission from the burning surface 
and gas phase; gas-phase temperature oscillations; and ion current density 
in the flame. 

In order to detect the overall light emission, several phototransistors, 
facing the sample from various viewpoints, were used. Since preliminary 
tests did not show perceptible differences in the collected signals, most 
measurements were effected by a phototransistor laterally placed (at about 
80 mm from the propellant sample) and viewing through the glass window 
of the combustion chamber the whole gaseous luminous region as well as 
the burning-surface rim. The phototransistor used most was a Fairchild 
FPT 120, with a view angle of about 100 deg and spectral response from 
0.4 to 1 u,m, peaking at about 0.8 |xm. The signal output was recorded by 
a digital oscilloscope and stored on a floppy disk. Typical results are shown 
in Figs. 5a (p = 0.05 atm) and 6a (p = 0.15 atm). 

The gas-phase temperature oscillations were recorded by microther- 
mocouples inserted into the flame (after propellant ignition) or embedded 
in the sample. The results were obtained using thermocouples made of Pt- 
10%PtRh, electrically welded, with a bead of about 50 (xm; details are 
given in the chapter by Zanotti et al. in this volume. A typical result is 
shown in Fig. 7a, which depicts the whole temperature profile of the com- 
bustion wave at 0.050 atm (the signal is amplified 500 times). 

For both experimental techniques, frequencies are evaluated by counting 
the number of peaks of the oscillations (at least 10) and measuring the 
time elapsed between the first and last ones (Figs. 5a and 7b). It is often 
convenient to perform a fast Fourier transform (FFT) of the signal (Figs. 
5b, 6b, and 7c). 

C. Recording of Current Oscillations During Solid-Propellant Burning 

The ion current density in the flame was detected by a double electro- 
static probe. The experimental apparatus simply consists of two small tung- 
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Fig. 5 Signal recorded by photodiode at 0.05 atm: a) time periodicity of light 
emission; b) FFT spectrum plot, showing narrow spectrum. 



sten or copper wires acting as electrodes; these are inserted into ceramic 
rods to provide a definite collection area for the current. Typical tip di- 
mensions are; diameter, 0.4 mm; length, 3 mm; and separation, 3 mm. 

Scans of the applied voltage at fixed distances from the burning surface 
to the electrodes were performed. The maximum applied voltage was 20 
V peak to peak, whereas the rise time of the sawtooth was small enough 
to prevent the recorded signal from being affected by time-dependent space 
inhomogeneities arising in the bulk of the flame. A lower limit to the sweep 
rate is determined by the appearance of capacitive effects in the vacuum 
current of the apparatus. 

Figure 8 shows an example of the recorded characteristic curve (i. e., 
collected current vs applied voltage) for a sweep time of about 2 ms; in 
Fig. 9, a higher sweep time ( — 140 ms) evidences the presence of "gross" 
inhomogeneities affecting the recorded signal. The collected current (see 
Fig. 8) shows a fairly detectable saturation behavior in the wings of the 
recorded signal, thus suggesting the possibility of analyzing the double- 
probe characteristic by the usual procedures of plasma diagnostics. Al- 
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Fig. 6 Signal recorded by photodiode at 0.150 atm: a) time periodicity of light 
emission; b) FFT spectrum plot, showing broad spectrum. 



though the use of electrostatic probes as diagnostic tools in tenuous plas- 
mas, 36-38 as well as in combustion processes, 39 - 40 is well known in the 
literature, the application to the flames of solid propellants is unusual. 
Therefore, both for the sake of completeness and to emphasize those 
fundamental assumptions that are of critical applicability when dealing with 
such unusual "plasmas," it is worth mentioning here the basic ideas sup- 
porting the theoretical interpretation of the experimental data. Readers 
already familiar with the topic may wish to go directly to the observations 
following Eq. (8). 

When there is no net current flowing through an electrode inserted into 
an ionized gas, a negative voltage drop exists between the electrode surface 
and plasma region unperturbed by the electrode itself: the electrode is 
negative with respect to the unperturbed plasma potential. The reason for 
the existence of this voltage drop can be qualitatively explained as follows. 

Let us consider an ionized medium containing electrons and several ion 
species: n e and n k are the densities of the electrons and /c-ion population, 
respectively, v e and v k are the thermal speeds, q e = -q and q k = Z k q are 
the charges, etc. When there is no net current through the electrode, both 
the conduction current (due to the light electrons) and the random current 
must be zero. The random current density hitting the electrode surface is 
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Fig. 7 Signal recorded by microthermocouple at 0.05 atm: a) temperature 
profile of the deflagration wave; b) time periodicity of microthermocouple signal; 
c) FFT spectrum plot, showing narrow spectrum. 
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Fig. 8 Experimental double-probe characteristic; sweep time At s = 2 ms, 
AP:CTPB 82:18, 100% N 2 , p = 0.15 atm; peak-to-peak value of the applied 
voltage is 10 V. 
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Fig. 9 As in Fig. 8 except that \t s = 140 ms; "gross" inhomogeneities of the 
flame affect the ideal behavior of the characteristic curve. 
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the sum of the electron and ion contribution: J r = J re + ~Z k J rk , where J re 
a n e q e v e and J rk oc n k q k v k . If we assume that the (massive) ions are unaf- 
fected by the presence of an electric field in the plasma region surrounding 
the electrode, since v e » v,-, there must be an electric field, i. e., a voltage 
drop between the unperturbed plasma and the electrode surface which, by 
decreasing the electron density, allows the condition J r = J re + 2, k J rk = 
0 to be fulfilled on the electrode surface. 

In the limit of small Knudsen numbers Kn e and Kn k , it is straightforward 
to derive an approximate expression 41 for the potential drop across the 
electrode surface and unperturbed plasma region: 



where <& s0 is the potential value at the electrode surface when there is no 
net current; 4> r is the (reference) value of the potential in the unperturbed 
plasma region; T e and T k are the temperatures (in eV); n 0e and n ok are the 
densities of the species in the unperturbed plasma; and m e and m k are the 
mass values. 

Since (m e T k )l{m k T e ) < 1 and n 0e = ~Z k Z k n 0k , one finds that <j> j0 - 4> r < 
0. Therefore, because of the higher mobility of the electrons with respect 
to the other ion species, the conditions J = J r = 0 consistently originate 
the voltage drop, which decreases the electron density in the neighborhood 
of the electrode surface. Under these conditions, the electron density near 
the electrode surface behaves like 



Thus, the local excess of ions at the electrode surface counterbalances the 
higher mobility of the electrons. 

Let us now consider what happens when a voltage difference V is applied 
across two electrodes inserted into the plasma and a current / is allowed 
to flow through the circuit. We write V = 4>i ~~ ^2 = (4*1 ~~ «W ~ 
(<f> 2 - (j> r ), where § x and 4> 2 are the potential values at the two electrodes. 
When V = 0, = 4> 2 < <$>„ and no net current flows through the circuit. 
Suppose now that V a 0: 4>i _ 4>r becomes less negative, and cj> 2 - <\> r 
becomes more negative. The increase in the electron random flow to elec- 
trode 1 exactly corresponds to the unbalanced portion of the positive ion 
random flow to electrode 2; thus, a positive net current flows in the circuit. 
In this situation (V a 0), again, there is no conduction current in the 
medium, although the electric field existing in the neighborhood of the 
electrodes starts to penetrate the unperturbed plasma region as a result of 
the smoothing of the electron density gradients near the electrode surfaces. 

If V is increased, the process is repeated; the collected current increases, 
and the gradients are smoothed so that, if V is increased enough, the 
increase in the electron flow to electrode 1 just corresponds to the whole 
positive ion random flux to electrode 2. This current value (positive ion 




(1) 



■ e = n 0e exp — (<|) s0 - <j) r ) 



(2) 



e 
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random current) is the "saturation" value evidenced at the beginning of 
the wing (for V > 0) of the characteristic curve shown in Fig. 8. From now 
on, if V is further increased, there is no unperturbed region inside the 
medium, and there are no electron density gradients anywhere that can 
shield the plasma from the applied field; the current flowing through the 
circuit gets the contribution of the ordinary conduction mechanism and 
increases linearly with the increase in the applied voltage V. If we perform 
the same process with V < 0, the collected current flows in the opposite 
direction (becomes negative), so that the whole characteristic curve has 
the previously mentioned shape of Fig. 8. The "knees" evidenced by the 
characteristic curve give the ion saturation current value beyond which the 
usual conduction mechanism comes into play: 

In <* AJ H (3) 

where A is the collection area of the electrode and J ri « *L k n 0k q k v k ; v k is 
the k-\on species thermal speed. It is worth mentioning here that the basic 
hypothesis consists in considering the ion populations to be unaffected by 
the presence of electric fields ("massive" particles), so that the velocity 
entering the expression for /„ can be assumed to be the ion thermal speed. 
In different physical situations (e.g., at "high mean free path," i. e., at low 
collisionality), the thermal speed v k must be replaced by v k = (y\ + 
2T e /m k ) V2 , which takes into account the acceleration of ions by means of 
the potential drop surrounding the electrodes ("free-fall" conditions). 

In an ideal double-probe characteristic (i. e., in a double-probe charac- 
teristic recorded from a nonreacting, homogeneous, quiescent medium), 
the absolute values of the ion saturation currents to the two electrodes 
must be trivially equal. If this does not happen, there is no potential 
reference value § r common to the two electrodes, and they are inserted 
in regions with different physical properties; i. e., the medium under prob- 
ing is highly unhomogeneous. In spite of this, the double-probe charac- 
teristic curve is "self-controlling" because any difference with respect to 
the correct behavior is easily evidenced by simple inspection of the recorded 
data, thus providing a "reliability control" for the experimental results. 

On the basis of the previously mentioned considerations, it is easy to 
derive for / the usual expression found in the literature describing the 
saturation shown in Fig. 8. The total current / entering electrode 1 is 

h = i M + 4i = MJ, n + j el ) (4) 

whereas the total current to electrode 2 is 

h = ha + 4 2 s MJ ri2 + J e2 ) (5) 

Note that, according to the model discussed, we consider that the ion 
contribution to the current reaching each electrode is given by the random 
current; i. e., the ions are unaffected by the electric field. On the contrary, 
for the electrons, we have 



J es = -Jres eXp[^(4> s ~ <$>„)/ T es ] 



(6) 
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where s indicates the electrode and J res = n 0e qv e . If we conventionally 
assign a positive value to the total current / flowing through the circuit 
from electrode 1 to electrode 2, the two relations / = / 2 = —Ii are 
obtained. After straightforward algebraic manipulations of these two re- 
lations, we find 

lJ ril m> 

1 + R exp(<?T) ^ ; 

where R = (A t J ' erl )/A 2 J ' er2 ) and T = ^/T el - <j> 2 /r e2 - $ rl /T el - § r2 IT e2 . 
If the medium is homogeneous (i. e., 4> rl = <J> r2 = 4> r , J ert - J er2 = J er ; A 1 
= A 2 = A, etc.), then the expression for / describes the symmetric sat- 
uration shown in Fig. 8. In this case, the expression for / reduces to 

r Af exp[< ? (<|> 1 - 4>z)/rj -1 . 

" 1 + exp[ <? (d> 1 - <(, 2 )/rj 1 ' 

In the literature quoted earlier, it is possible to find several methods for 
deducing the T e value from the expression of /: it is not worth discussing 
them here. What is important to note, on the basis of the discussion ac- 
complished up to now, is that the ion saturation current values deducible 
from the experimental data are rather reliable, whereas the T e values must 
be supported by a careful analysis of the spatial homogeneity of the medium 
under examination. In fact, as stated, although the use of electrostatic 
probes as diagnostic tools in combustion processes is well known, their 
application to the determination of the flame temperature of solid pro- 
pellants needs some care because of the great complexity of the phenomena 
in the medium being probed. For instance, care must be used to check the 
occurrence of additional phenomena such as pyroelectricity, 42 which may 
strongly affect the accuracy of the measurements. 

IV. Experimental Results 



A. Introduction 

Oscillatory burning occurs for a wide variety of solid propellants. Aside 
from the propellant type, many factors influence the phenomenon: the 
operating pressure; the strand size and its geometry; the surrounding at- 
mosphere; the presence of an applied radiant flux; and, generally speaking, 
anything that could be termed "operating conditions." In particular, careful 
tests have to be carried out in different combustion chambers (with ge- 
ometry different in shape and size) to exclude the possibility that the 
observed oscillations could result from unwanted coupling of the combus- 
tion processes to the fluid dynamics of the experimental apparatus. The 
results of the experiments performed under the same operating conditions, 
but using different burner apparatus, must be analyzed and compared. 

The picture that finally emerges is as folio ws: a fairly definite, reliable, 
and reproducible scenario for the oscillatory burning regime and its features 
can be discerned from the experimental investigation if the analysis is 
accomplished in terms of the average burning rate r b . The results suggest 
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that the oscillatory regime is controlled mainly by the processes governing 
the thermal wave relaxation in the condensed phase. This "bulk mode" 
was observed for all tested propellants; additional effects depending on 
the particle size were observed for heterogeneous propellants. 

In the following, the analysis of the experimental results begins with a 
short discussion of double-probe data, which offer some evidence of the 
existence of oscillatory processes inside the flame of solid propellants. This 
acts as a useful introduction to the more systematic analysis of the data 
collected by various experimental techniques. 

B. Analysis of the Results 

Continuous scans of the applied voltage were performed at a repetition 
rate of 20 Hz and with a rise time for the sawtooth waveform of 2 ms. The 
time evolution of the rough experimental data and of the deduced ion 
saturation current is presented in Fig. 10. The propellant was an AP:HTPB 
86:14 (where HTPB is hydroxyl-terminated polybutadiene) strand of square 
cross section 5x5 mm 2 and length 50 mm burning at 0.074 atm of 100% 
N 2 . The distance from the burning surface to the electrodes was ~8 mm; 
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Fig. 10 Experimental results obtained by double-probe technique at 0.074 atm: 
a) time periodicity of characteristics; b) time periodicity of saturation current. 



&A1AA 

iLiVMI'ihiHBhriinfBmhmlmJif, Purchased from American Institute of Aeronautics and Astronautic: 



418 



C. ZANOTTI ET AL. 



DISTANCE BETWEEN ELECTRODES AND BURNING SURFACE 6 rTm 
3 i , 5 




a) 



1 2 3 

TIME, t, s 



DISTANCE BETWEEN ELECTRODES AND BURNING SURFACE 8 rrm 




b) 

DISTANCE BETWEEN ELECTRODES AND BURNING SURFACE 16 rrm 
3 | i 5 




'0123 
c) TIME, t, s 

Fig. 11 Ion saturation current l s and electron temperature T e deduced from 
characteristics at various distances from the burning surface. 
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the average burning rate was 0.012 cm/s and the observed oscillation fre- 
quency v ~ 1.25 Hz. Similar measurements for both the ion saturation 
current and T e values, at different distances from the burning surface to 
the electrodes, were accomplished for APrCTPB 82:18 (where CTPB is 
carboxyl-terminated polybutadiene), with a repetition rate of 10 Hz at 0.15 
atm of 100% N 2 . Typical results are shown in Fig. 11, where the average 
burning rate was 0.03 cm/s. As shown, the time periodicity of the saturation 
current is less sharp with increasing distance between the electrodes and 
the burning surface, thus suggesting the existence of a pulsating mass source 
localized near or at the burning surface. The T e behaviors deduced from 
the characteristic curves do not seem to exhibit time oscillations; although 
a full discussion of the reliability of the deduced T e data could become 
very involved, a more or less constant T e is not out of the question for a 
kinetic flame model. Moreover, the rather high T e values (with respect to 
the "bulk" temperature of the flame) consistently refer to a nonequilibrium 
medium in which the energy equipartition time between the electrons and 
the other ion species due to the mass difference is rather longer than the 
mean life of the combustion products in the flame region. 

A qualitative indication of the behavior of the collected current at various 
distances from the burning surface is reported in Fig. 12. 

As a final remark, we can easily prove the existence of current oscillations 
inside the flame of the burning propellant, without entering into the dis- 
cussion of the collection mechanism, by simply recording the total current 
collected by the probe when a constant voltage drop is applied. Figure 13 
shows an example referred to the burning of an AP:HTPB 86:14 sample. 

In Figs. 14-18, the burning frequencies and average burning rates are 
plotted vs pressure for different kinds of propellants. The oscillatory burn- 
ing regime is well defined for composite propellants (Figs. 14-17) at pres- 
sure values close to PDL, whereas double-base propellants seem to manifest 
oscillatory combustion in a larger range of pressure (Fig. 18 and Refs. 19 
and 20). It is worth mentioning that, since PDL depends on the strand 
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Fig. 12 Average value of the current collected by double probes vs distance 
between the probes and the burning surface. 
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Fig. 13 Time evolution of the total current collected by the probes for a constant 
value of the applied voltage (6 V). 

size, in order to get results of frequency oscillations at very low pressure, 
a few tests had to be carried out with samples of large cross-sectional area. 
Generally, all tests were run under an inert atmosphere (N 2 ) to avoid any 
influence of the surrounding gas on the chemical reactions in the flame. 
The results are shown in Fig. 15: the dependence of the oscillation fre- 
quencies on the strand size is negligible, but only by using very large cross- 
sectional samples (16 x 16 mm 2 ) was it possible to reach the indicated 
lowest pressure value of 0.03 atm. 

For all tested propellants, the results of Figs. 14-18 show that the os- 
cillation frequencies are much lower than the acoustic frequencies of the 
used burners (in the range of 200-1000 Hz). Moreover, a common trend 
is evident: the frequency increases (and the amplitude decreases) when 
the operating pressure is increased. 

No systematic and decisive measurements were performed on the oscil- 
lation amplitude behavior vs strand size. However, the experimental evi- 
dence suggests that, near the lowest PDL values, reachable only by the 
largest strand sizes, the oscillation amplitudes increase. 

Referring in particular to the oscillation frequency of nonaluminized 
composite propellants (Figs. 14-16), a change in the slope for pressure 
values lower than about 0.15 atm is evidenced. This will be discussed later. 

In regard to the average burning rate behavior, it must be noted that, 
for composite propellants, the ballistic exponent n usually features, in the 
investigated pressure range, a larger value than that above atmospheric 
pressure (not shown in Figs. 14-17). This implies that two different flame 
structures drive the combustion of composite propellants; indeed, a mul- 
tistage flame structure leading to extended flames is often observed in the 
subatmospheric pressure range (as already noticed in Ref. 43). 

The presence of oxygen in the environment around the sample tends to 
increase the burning rate; this is always true, even when the propellant is 
burning in an oscillatory regime. Some results are shown in Fig. 16. More- 
over, Fig. 19 shows the signals recorded by a photodiode during the com- 
bustion of a composite propellant with different partial pressures of oxygen 
at the same value of the total filling pressure. As evidenced, also the 
oscillation frequency is higher when the surrounding atmosphere contains 
5% of oxygen. 
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Fig. 14 Experimental frequency of self-sustained oscillatory burning and 
burning rate vs pressure; propellants AP:CTPB 84:16 and AP:CTPB 80:20. 
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Fig. 15 Experimental frequency of self-sustained oscillatory burning and 
burning rate vs pressure; propellant AP:HTPB 86:14. 
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Fig. 16 Experimental frequency of self-sustained oscillatory burning and 
burning rate vs pressure; propellant AP:CTPB:A1 2 0 3 83:16:1. 
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Fig. 17 Experimental frequency of self-sustained oscillatory burning and 
burning rate vs pressure; propellant AP:CTPB:A1 70:14:16 and AP:CTPB:A1 
76:14:10. 
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Fig. 18 Experimental frequency of self-sustained oscillatory burning and 
burning rate vs pressure; double-base propellants. 



The data of frequencies vs pressure, for all the tested propellants, were 
fitted by the power law v oc p c . In Table 1, the exponents c and n are 
reported. Based on these experimental results, we find that c ~ 2n and 
can therefore write 



V cc p2" a r 2 b 



(9) 

confirming that the controlling parameter is associated with the charac- 
teristic time of the condensed-phase thermal wave 



t c = l/v = ajr 2 b 



(10) 
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Fig. 19 Experimental burning oscillation of AP:CTPB:A1 2 0 3 83:16:1 at 0.12 atm 
(100% N 2 ) and 0.12 atm (95% N 2 + 5% 0 2 ). 



(&AIAA 

faVhti^hnMhriiwBfBmkmlmfy Purchased from American Institute of Aeronautics and Astronautics 

426 C. ZANOTTI ET AL. 



Table 1 Exponents of the laws r b « p", v « p c and v « r| used to fit the 
experimental data for different solid propellants 



Propellant 


n 


c 


c/n 


«1 


s 2 


APrHTPB 86:14 


0.932 


1.72 


1.84 


1.76 


1.091 


AP:CTPB:A1 2 0 3 83:16:1 


1.327 


2.43 


1.83 


1.75 


1.004 


AP:CTPB 84:16 


0.920 


1.87 


2.03 


1.92 


1.160 


AP:CTPB 80:20 


0.899 


2.04 


2.26 


2.28 


1.080 


AP:CTPB:A1 70:14:16 


0.846 


1.94 


2.3 


2.21 




AP:CTPB:A1 76:14:10 


0.931 


1.93 


2.07 


2.08 




Catalyzed DB 


0.469 


0.525 


1.12 




1.120 



This evidence, in turn, suggests that self-sustained oscillatory burning is 
controlled mainly by bulk unsteady processes related to the condensed- 
phase thermal wave relaxation; limitations of this hypothesis are discussed 
later. 

C. Discussion in Terms of r b for Composite Propellants 

As shown earlier, any modification of the operating conditions results 
in a more or less strong variation of both the oscillation frequency and the 
average burning rate r b . In particular, although negligible modifications 
are induced by variation in the strand size (Fig. 15), the presence of oxygen 
in the environment around the burning sample, at the same total pressure, 
noticeably affects the combustion process (e. g., see Fig. 16). 

The basic suggestion from the previous section is that a deeper insight 
into the combustion phenomenon can be achieved if the analysis is accom- 
plished in terms of the average burning rate instead of pressure. Indeed, 
if the oscillatory burning frequency v is plotted vs the average burning rate 
r b , the more or less scattered data points of Figs. 15 and 16 coalesce into 
a well-defined curve (see Figs. 20 and 21). In both of the last figures, the 
experimental data place themselves on two straight lines with different 
slopes. The fitting law v oc r b was enforced, where s 1 represents the ex- 
ponent in the lower-pressure range and s 2 in the higher-pressure range. 
From Table 1, one can find that these exponent values are s t = 2 (as 
discussed earlier) whereas s 2 ~ 1 (for nonaluminized propellants). This 
result suggests that, very near PDL, the characteristic thermal wave thick- 
ness of the condensed phase (8 C ) is constant: 

§ c = TJb = r b lv « const (11) 

This peculiar result can be related to the presence of a layer of some 
melted compounds (often observed during the combustion at pressures 
close to PDL) on the burning surface, modifying the thermal wave struc- 
ture. In the larger r b region, the slopes (s^ of the curve fitting the exper- 
imental data are very close to the ratio c/n previously found, which confirms 
the occurrence of the oscillatory combustion phenomenon as a condensed- 
phase bulk process. For even higher pressure, the oscillatory phenomenon 
again changes, shifting from bulk process to a process resulting from the 
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Fig. 20 Experimental oscillating frequencies vs burning rate; propellant 
AP:HTPB 86:14. 
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Fig. 21 Experimental oscillating frequencies vs burning rate; propellant 
AP:CTPB:A1 2 0 3 83:16:1. 
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statistical overlapping of polydisperse oxidizer particle burning. This has 
to occur when the conductive-layer thickness shrinks to close to the max- 
imum oxidizer particle diameter. For the tested AP:HTPB 86:14 composite 
propellant, this occurs for r b = 0.035 cm/s. 21 

This concept of "layer frequency" was introduced by Boggs and Beck- 
stead in Ref. 44 as a mechanistic argument; a similar treatment was de- 
veloped in Ref. 45, courteously suggested by a reviewer but not available 
to the authors. In 1970, Boggs and Beckstead postulated that the con- 
densed-phase heterogeneity of composite propellants would drive phase- 
correlated self-sustained oscillatory combustion with frequency v = K D r b /D, 
where K D is "a measure of the randomness of the mix" (Ref. 43, p. 629) 
and D is the particle diameter. The value of K D estimated for AP:PU 75:25 
propellants was K D = 1.05 for AP monomodal, whereas, for AP biomodal, 
K D = 0.93 (70% small, 30% coarse), K D = 0.83 (50% small, 50% coarse), 
and K D = 0.70 (30% small, 70% coarse). 

D. Effect of Impinging Radian t FIux 

The discussion in the previous sections suggested the dependence of the 
oscillation frequencies on the average burning rate rather than on pressure. 
It is interesting to verify this hypothesis through variations of the burning 
rate induced by parameters other than pressure. This can be accomplished, 
for instance, by supplying the propellant surface with different radiant flux 
levels and observing the influence of this external thermal radiation on the 
combustion process. The question is: Can an increase in r b , caused by an 
impinging radiant flux at constant operating pressure, result in a higher 
oscillation frequency? The experimental results, obtained with an AP- 
based nonmetallized propellant, allow an affirmative answer. Figure 
22a-d shows the light emission and the related FFT values of two tests 
performed at the same pressure (0.075 atm) but at radiant flux values of 
0 and 2.2 cal/cm 2 s, respectively. As shown, the external energy contribution 
not only increases the oscillation frequency but also affects the frequency 
spectrum, which reveals the occurrence of multiple and less tidy peaks. 
Such a "broadening of the spectrum," which is very similar to the one 
induced by pressure (compare Figs. 6b and 22d), seems to be an important 
(although qualitative) indication of the similarity of the action exerted 
either by pressure or by radiation flux on the combustion process. 

A scan of both the oscillation frequency and mean burning rate vs pres- 
sure at three constant values of radiant flux is shown in Fig. 23: both 
quantities increase if pressure or radiant flux are increased. When the 
radiant flux is increased at constant pressure, the increases in frequency 
and burning rate are greater at the lower than at the higher pressures (the 
curves converge). 

Returning to the question stated earlier, sound evidence of the depen- 
dence of oscillation frequency v on the burning rate r b , rather than on 
pressure, irrespective of the method used for obtaining a given value of 
r b , is obtainable by plotting v vs r b from the data given in Fig. 23. As shown 
in Fig. 24, a rather well-defined straight line correlates the experimental 
points of Fig. 23, thus recalling the situation cited in the discussion of Figs. 
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Fig. 22 Experimental results obtained by photodiode at 0.075 atm: a) time 
periodicity of the light emission at /„ = 0 cal/cm 2 s; b) FFT spectrum plot /„ = 0 
cal/cm 2 s showing narrow spectrum; c) Light emission at I„ = 2.2 cal/cm 2 s; 
d) FFT spectrum plot and /„ = 2.2 cal/cm 2 s showing broad spectrum. 
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20 and 21 with respect to Figs. 15 and 16. And the dependence of the 
frequency oscillation on the mean burning rate gains a rather conclusive 
assessment. 

The residual spreading of the points of Fig. 24 with respect to the applied 
radiant flux does not contradict the conclusion just stated, since it is a 
consequence of the incomplete opacity of the propellant to the impinging 
radiation. At a given burning rate (and, hence, given surface temperature), 
a higher radiant flux implies a thicker thermal profile in the condensed 
phase due to radiation penetration in depth and, consequently, a less os- 
cillating deflagration wave. 




Fig. 23 Experimental frequency of self-sustained oscillatory burning and 
burning rate vs pressure under laser radiation; propellant AP:HTPB 86:14. 
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Fig. 24 Experimental oscillatory frequency vs burning rate for different values 
of the impinging radiant flux; propellant AP:HTPB 86:14. 



E. Dependence on Propellant Nature 

Oscillatory burning depends on the nature of the propellant because 
different thermophysical properties of the condensed phase and different 
flame structures generate different thermal waves under identical operating 
conditions. For this reason, the oscillation phenomenon changes in terms 
of the frequency and pressure range over which it occurs. 

By comparing the results obtained (see Table 2), we see that, at the 
same average burning rate, the oscillating frequencies of the nonaluminized 
composite propellants are larger than the aluminized ones and rather close 
since the combustion wave structure of these propellants is controlled es- 



Table 2 Oscillation frequencies at three average burning-rate values for different 

solid propellants 



Frequency, Hz 
r b , cm/s 



Propellant 0.02 0.03 0.04 



AP:HTPB 86:14 1.80 3.69 6.13 

AP:CTPB:A1 2 0 3 83:16:1 1.78 3.63 6.00 

AP:CTPB 84:16 1.90 4.14 7.19 

AP:CTPB 80:20 1.75 4.40 8.50 

AP:CTPB: Al 70:14:16 0.35 0.86 1.63 

AP:CTPB:A1 76:14:10 0.94 2.18 3.96 

Catalyzed DB 2.23 
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sentially by AP. The oscillating frequencies of the aluminized propellants, 
having the same binder percentage, are lower for the propellant with a 
larger percentage of aluminum because the combustion wave structure of 
these latter propellants is strongly affected by Al (whose thermal conduc- 
tivity is much larger than that of AP). Figure 25 depicts the dependence 
of the oscillating frequency vs thermal diffusivity. The general trend of the 
data plotted at a fixed average burning rate is the same: the oscillating 
frequency decreases for increasing thermal diffusivity, since this implies 
lower characteristic times of the condensed phase. As kindly pointed out 
by a reviewer, the effect of thermal diffusivity may be greater than that of 
burning rate. This is obvious from the results of Fig. 17, comparing average 
burning rates and oscillating frequencies of two aluminized composite pro- 
pellants. The propellant with 16% Al burns faster than the propellant with 
10% Al and yet shows slower oscillations. However, the reader is cautioned 
against any immediate generalization. 

The only tested double-base propellant presents a burning frequency of 
2.23 Hz at 0.14 atm (very close to PDL = 0.13 atm), corresponding to an 
average burning rate of 0.04 cm/s, and larger values for higher pressure. 
In this case, the flame structure is quite different from that of the tested 
AP composite propellants, and any direct comparison may be misleading. 



A. Non-Self-Sustained Burning 

By definition, burning of solid propellants is impossible below the PDL. 
The total heat input, provided by the surface chemical reactions and/or 



V. Other Relevant Physical Phenomena 
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Dependence of oscillating frequency on thermal diffusivity. 
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heat feedback from the gas phase, is no longer sufficient to allow a self- 
sustained combustion. 

The PDL value is known to be strongly affected by the sample geometry, 
probably because of heat losses to the surroundings of the order of the 
total heat input. What happens if, below PDL, the lack of heat input is 
compensated for, totally or partially, by an external energy flux? To this 
end, tests were performed with a C0 2 laser beam impinging on the pro- 
pellant surface. Runs were perforrned on AP-based composite propellants 
with the experimental apparatus described in Sec. III. A, enforcing a de- 
pressurization rate of 0.001 atm/s, low enough to ensure good data re- 
producibility. 

The PDL is caused by the weaker energy contributions in the gas and/ 
or condensed phase. But, if an external radiant flux is present, energy is 
still supplied to the propellant, allowing some chemical activity, at least in 
the condensed phase. In this case, the usual PDL definition is no more 
valid, and a different extinction criterion is needed. To get aroimd this 
problem, a "pseudo-PDL" is defined as the pressure value at which any 
emission of visible radiation from the gas ends; this is based on certain 
aspects of the observed phenomena, which will be explained later. 

The pressure values at which the flame light emission dies out (pseudo- 
PDL) vs the radiant flux intensity are plotted in Fig. 26. Since the samples 
used in this test are of 4 x 4 mm 2 cross section, the result obtained at 
l a = 0 corresponds to the PDL measured for a shape factor = 1. Increasing 
the external energy flux, the deflagration wave can be sustained by the 
laser beam below the PDL. The initial strong decrease in the pseudo-PDL 
value is followed by an asymptotic trend at higher I a values; the general 
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Fig. 26 Experimental dependence on impinging radiant flux of the pressure at 
which visible Hght emission from the flame disappears; propellant AP:HTPB 
86:14. 
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aspect of the curve is very close to that of "natural" PDL vs shape factor 
(see Ref. 23, Fig. 4), suggesting that radiant flux and shape factor yield 
similar effects. 

Some peculiar phenomena were observed during these runs. Based on 
qualitative observations of the combustion wave, it is convenient to dis- 
tinguish in Fig. 26 two different zones. In the first zone, at lower radiant 
fluxes, say, below l 0 = 2.5 cal/cm 2 s, after the flame disappearance following 
pressure decay, several reignitions succeed one another within a period of 
a few seconds. No gas-phase activity is evident; only during the reignition 
time, some visible radiation is emitted from the propellant surface, and 
regression takes place. Possibly, this intermittent behavior is due to a very 
smooth thermal profile; as the surface reaches the "ignition" temperature, 
a thick propellant layer blows up. After that, the surface temperature is 
too low to allow further activity, and a reheating time follows, lasting until 
the next firing. 

In the second zone, at higher radiant fluxes, once the luminous zone 
disappears following pressures decay, the propellant surface continues to 
emit light and to regress. No rigorous chemical reaction seems to take place 
in either the gas or the condensed phase. Although no other direct evidence 
is available, the propellant simply appears to be "ablating." 

Another peculiar phenomenon was noted, especially at higher radiant 
fluxes. When the pressure is lowered and approaches the value at which 
the light emission from the gas phase dies out, the well-known anchored 
flame of composite propellants (see the chapter in this volume by De Luca) 
is neatly detached from the burning surface (a "dark zone" appears). When 
a further slow depressurization is performed, the luminous flame rises to 
several millimeters and becomes longer and more irregular on the side 
near the surface. When the pressure is further lowered, the flame suddenly 
disappears; this pressure value identifies the pseudo-PDL. This behavior 
of the combustion wave is very sensitive and takes place a few 0.001 atm 
above the pseudo-PDL. When the radian flux intensity increases, the pres- 
sure range at which this phenomenon occurs is larger and the distance 
between luminous flame and burning surface becomes wider. 

These experimental observations corroborate the pseudo-PDL defini- 
tion. The abrupt disappearance of light emission from the gas phase indeed 
suggests the transition from one burning mechanism to another (perhaps 
not even combustion but simply ablation). 

A last consideration concerns the similarity between the pseudo-PDL vs 
l a plot (Fig. 26) and the PDL vs shape factor plot. This similarity seems 
to be more than qualitative because the two curves tend to horizontal 
asymptotes very close to each other. If further experimental runs confirm 
this behavior, pseudo-PDL tests under radiant flux will be the quickest 
way to determine the propellant PDL, avoiding the inconveniences (due 
to tridimensional burning effects) arising from the use of samples with a 
high shape factor. 

B. Incompleteness of Combustion 

Qualitative observations made during the oscillatory burning tests of 
AP-based propellants suggest that incomplete combustion occurs. Most 
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evident is the white smoke generated because of incomplete AP reactions 
in the decomposition flame, with subsequent flowing away of particles from 
the propellant sample. This is related to the pure AP decomposition mech- 
anisms initially investigated by Bircumshaw and Newman. 46 - 47 

Concerning DB propellants, a catalyzed type used by the authors showed 
a remarkable production of ash leaflets, which are completely burned out 
at pressures from about 7 atm upward in relation to the visible flame 
appearance. On the contrary, at lower pressures, this ash remains un- 
burned. 

Other authors studied incomplete combustion semiquantitatively. Steinz 
et al. (Ref. 43, p. 287) report, for AP-based composite propellants, the 
emission of white smoke. For polysulfide propellants with 65-75% AP, 
the white smoke was found to contain 25% ammonium perchlorate and 
55% ammonium chloride. Moreover, Steinz and co-workers found the 
weight of sublimate to be approximatively 20% of the original weight of 
the propellant. In addition, they noted the presence of a "protective ash 
that retains the heat of the exothermic ammonia/perchloric acid (A/PA) 
flame close to the solid surface," allowing the self-sustained burning of 
this propellant down to 0.005 atm (Ref. 43, p. 290). Ohlemiller and Sum- 
merfield (Ref. 48, p. 14), from photographs of AP/PBAA (where PBAA 
is polybutadiene acrylic acid) propellant burning under radiation (arc im- 
age) at low subatmospheric pressures, deduced that the AP ejection could 
be about 50% of the original amount in the propellant. 

The importance of incomplete combustion was stressed by Schoyer, 49 
who argued that incomplete combustion due to finite reaction rates in the 
gas phase, combined with short residence times, might drive bulk mode 
instability of several kinds of rocket motors (solid-propellant, liquid- 
propellant, hybrid-propellant, and air breathing). 

C. Pulsating Ignition 

Besides the steady oscillatory burning, transient burning also can be 
affected by some oscillating behavior, particularly during ignition. Saito 
and Iwama, 50 in the context of experimental research on laser ignition of 
AP-based propellants, noted the appearance of a pulsating ignition phe- 
nomenon, consisting of a series of ignitions and extinctions that follow each 
other with a frequency of 0.6-0.8 Hz. This happens for particular values 
of the external controlling parameters, i. e., "in a range of limited low 
ambient pressure and incident flux." 50 This behavior depends as well on 
the propellant composition and test gas. 

Saito and Iwama 50 offered a thermochemical explanation of such a phe- 
nomenon based on the hypothesis of different decomposition rates for AP 
crystals and binder. A different interpretation could also be proposed based 
on purely thermal effects according to the mechanism described in Sec. 
V. A. A confirmation of this hypothesis could come from laser ignition 
tests on DB homogeneous propellants. 

VI. Conclusions and Future Work 

The results reported in this chapter were collected by different investi- 
gators, using different combustion bombs and burning, sometimes strands 
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of the same propellant but with different aging times. In spite of that, it 
was shown experimentally that, under appropriate operating conditions, 
the burning of different kinds of solid propellants is self-sustained oscil- 
latory. Results from both this chapter and the work of other authors show 
that these peculiar conditions are found at low pressures (subatmospheric) 
for all the tested composite propellants and over a wide range of pressure 
for double-base propellants (see Refs. 19-21). 

The experimental techniques for measuring oscillation frequencies pro- 
duced consistent results. The easiest technique to use is the recording by 
a photodiode of the light emitted by the flame and burning surface, but 
this technique provides quantitative data about oscillation frequencies only. 
The double-probe technique is rather complicated, and it is difficult to get 
data in the region close to the burning surface, and so the favorite technique 
is the use of the microthermocouples, which offer the possibility of col- 
lecting data in any region of the deflagration wave and providing infor- 
mation in terms of both oscillation frequency and amplitude. 

The experimental study of the effect of an external radiant flux impinging 
on the burning surface has shown that, under the same operating pressure, 
both average burning rate and oscillation frequencies increase. 

All of the results obtained show the same general trend: the oscillation 
frequencies increase when burning rate increases and/or thermal diffusivity 
decreases. 

The main conclusion is that an oscillatory combustion regime does exist 
and its frequency is clearly measurable by different techniques. The fea- 
tures of oscillatory burning are congruent with the theoretical picture of 
the bulk thermal wave relaxation in the condensed phase, yielding static 
burning instability at low burning rates. 

This work, although dealing with several aspects of oscillatory combus- 
tion, should be completed by studying the following: 

1) the effects of the particle size using AP monomodal propellants; 

2) the dependence of the oscillation frequencies on the initial sample 
temperature; 

3) the behavior of noncatalyzed DB propellants; and 

4) the synchronization mechanism for large geometries. 

Finally, it is worth observing that the results of this work are mainly 
concerned with measurements carried out on the gas phase of the system. 
Various basic questions still remain to be faced, such as, for instance, a 
fairly definite characterization of the condensed-phase behavior and the 
relevant chemistry processes at the burning surface. 



Acknowledgments 

The authors gratefully acknowledge the continuous support and valuable 
suggestions of L. De Luca during the extension of this article. His contri- 
butions led to a substantial upgrading of the work by improving both the 
level of the discussion and the scientific "consciousness" of the authors 
themselves. The helpful comments and suggestions by the reviewers are 
also greatly appreciated. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



SELF-SUSTAINED OSCILLATORY BURNING 437 
References 



'Huffington, J. D., "The Burning and Structure of Cordite," Transactions of the 
Faraday Society, Vol. 47, 1951, pp. 864-876. 

2 Huffington, J. D., "The Unsteady Burning of Cordite," Transactions of the 
Faraday Society, Vol. 50, 1954, pp. 942-952. 

3 Clemmow, D. M., and Huffington, J. D., "An Extension of the Theory of Ther- 
mal Explosion and Its Applications to the Oscillatory Burning of Explosives," 
Transactions of the Faraday Society, Vol. 52, 1956, pp. 385-396. 

4 Librovich, V. B., and Makhviladze, G. M., "One Limiting Scheme for the Prop- 
agation of a Pulsating Exothermic Reaction Front in a Condensed Medium," Jour- 
nal of Applied Mechanics and Technical Physics, Vol. 15, No. 6, 1974, pp. 107- 
116. 

5 Avery, W. H., "Radiation Effects in Propellant Burning," Journal of Physics 
and Colloid Chemistry, Vol. 54, 1950, pp. 917-928. 

6 De Luca, L., Riva, G., and Zanotti, C., "Nonlinear Burning Stability of Solid 
Propellants," Dipartimento di Energetica, Politecnico di Milano, Final Technical 
Report to European Research Office, 2nd Reprint, April 1984. 

7 Frank-Kamenetskii, D. A. Diffusion and Heat Exchange in Chemical Kinetics, 
Princeton Univ. Press, Princeton, NJ, 1955, Chaps. 6-9. 

8 Huggett, C., Bartley, C. E., and Mills, M. M., Solid Propellant Rockets, Prince- 
ton Univ. Press, Princeton, NJ, 1960. 

9 Inami Y. H., and Shanfield, H., "Nonacoustic Combustion Pulsations of Am- 
monium Perchlorate Containing Aluminum," AIAA Journal, Vol. 2, No. 7, 1964, 
pp. 1314-1318. 

10 Eisel, J. L., Horton, M. D., Price, E. W., and Rice, D. W., "Preferred Frequency 
Oscillatory Combustion of Solid Propellants," AIAA Journal, Vol. 2. No. 7, 1964, 
pp. 1319-1323. 

"Angelus, T. A., "Unstable Burning Phenomenon in Double-Base Propellants," 
Solid Propellant Rocket Research, edited by M. Summerfield, Vol. 1, Progress in 
Astronautics and Aeronautics, AIAA, New York, 1960, pp. 527-559. 

12 Angelus, T. A., "Solid Propellant Combustion Instability," Eighth Symposium 
{International) on Combustion, The Combustion Inst., Pittsburgh, PA, 1962, pp. 
921-924. 

13 Yount, R. A., and Angelus, T. A., "Chuffing and Nonacoustic Instability Phe- 
nomena in Solid Propellant Rockets," AIAA Journal, Vol. 2, No. 7, 1964, pp. 
1307-1313. 

'"Eisel, J. L., Ryan, N. W., and Baer, A. D., "Combustion of NH 4 C10 4 -Poly- 
urethane Propellants: Pressure, Temperature and Gas-phase Composition Fluc- 
tuations," AIAA Journal, Vol. 12, No. 12, 1972, pp. 1655-1661. 

15 Price, E. W., "Review of the Combustion Instability Characteristics of Solid 
Propellants," Advances in Tactical Rocket Propulsion , AGARD CP 1, Technivision 
Services, Maidenhead, England, 1988, pp. 139-194. 

16 Price, E. W., "Recent Advances in Solid Propellant Combustion Instability," 
Twelfth Symposium {International) on Combustion, The Combustion Inst., Pitts- 
burgh, PA, 1964, pp. 101-113. 

17 Novozhilov, B. V., "Nonstationary Combustion of Solid Rocket Fuels," Nauka, 
Moscow, 1973; translation AFSC FTD-MT-24-317-74. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImJif, Purchased from American Institute of Aeronautics and Astronautics 



438 C. ZANOTTI ET AL. 

18 Shkadinskii, K. G., Khaikin, B. L, and Merzhanov, A. G., "Propagation of Pul- 
sating Exothermic Reaction Front in the Condensed Phase," Combustion, Explo- 
sion, and Shock Waves, Vol. 7, No. 1, 1971, pp. 19-28. 

,9 Svetlichnyi, I. B., Margolin, A. D., and Pokhil, P. F., "Low Frequency Self- 
Oscillatory Processes in Propellant Combustion," Combustion, Explosion, and 
Shock Waves, Vol. 7, No. 2, 1971, pp. 188-194. 

20 Ilyukhin, V. S., Mysov, V. G., and Novikov, S. S., "Low Frequency Nonacoustic 
Fluctuations During Combustion of Nitroglycerine Powder," Combustion, Explo- 
sion, and Shock Waves, Vol. 10, No. 3, 1974, pp. 334-337. 

21 Ilyukhin, V.S., Margolin, A.D., Mysov, V. G., and Novikov, S. S., "Role of 
Heterogeneity of Composite Solid Fuels in the Mechanism of Pulsating Burning," 
Combustion, Explosion, and Shock Waves, Vol. 11, No. 3, 1975, pp. 498-501. 

22 Bruno, C, Riva, G., Zanotti, C, Donde, R., Grimaldi, C, and De Luca, L., 
"Experimental and Theoretical Burning of Solid Rocket Propellants Near the Pres- 
sure Deflagration Limit," 34th International Astronautical Federation Congress, 
Paper 83-367, Budapest, Oct. 1983, 10-15; also Acta Astronautica, Vol. 12, No. 
5, 1985, pp. 351-360. 

23 Zanotti, C, Colombo, G., Grimaldi, C, Caretta, U., Riva, G., and De Luca, 
L., "Oscillatory Burning of Composite Propellants near Pressure Deflagration 
Limit," Proceedings of the XV International Symposium on Space Technology and 
Science, Vol. 1, Inst. of Space and Astronautical Science, Tokyo, 1986, pp. 243- 
254. 

24 Denison, M. R., and Baum, E., "A Simplified Model of Unstable Burning in 
Solid Propellants," ARS Journal, Vol. 31, No. 8, 1961, pp. 1112-1122. 

25 Williams, F. A., and Lengelle, G., "Simplified Model for Effect of Solid Het- 
erogeneity on Oscillatory Combustion," Astronautica Acta, Vol. 14, 1969, pp. 97- 
118. 

26 Williams, F. A., Combustion Theory, 2nd ed., Benjamin/Cummings, Menlo 
Park, CA, 1985, pp. 328-335. 

27 De Luca, L., "Instability of Heterogeneous Deflagration Waves," Proceedings 
of the VI International Symposium on Detonation, ACR-221, Office of Naval Re- 
search, Arlington, VA, 1976, 281-289. 

28 De Luca, L., "Solid Propellant Ignition and Other Unsteady Combustion Phe- 
nomena Induced by Radiation," Ph. D. Dissertation, Dept. of Aerospace and Me- 
chanical Sciences, Princeton Univ., Princeton, NJ, AMS Rept. 1192-T, Nov. 1976. 

29 De Luca, L., "Self-Sustained Oscillatory Combustion of Solid Rocket Propel- 
lants," Propulsion and Energetic Panel of AGARD, 53rd Meeting on Solid Rocket 
Motor Technology, Oslo, April 2-5, 1979; AGARD CP 259, Paper 24, Paris, July 
1979. 

30 De Luca, L., Galfetti, L., and Zanotti, C, "Ignition and Extinction of Solid 
Rocket Propellants," Propulsion and Energetic Panel of AGARD, 53rd Meeting 
on Solid Rocket Motor Technology, Oslo, April 2-5, 1979; AGARD CP 259, 
Paper 24, Paris, July 1979. 

31 De Luca, L., Coghe, A., Ferrari, G. C, Galfetti, L., Martinelli, L., Volpi, A., 
Zanotti, C, Basso, A., and Casci, C, "Recent Research on Unsteady Combustion 
at CNPM," Archivum Combustionis , Vol. 1, No. 3/4, 1981, pp. 301-328. 

32 Kooker, D. E., and Nelson, C. W., "Numerical Solution of Solid Propellant 
Transient Combustion," Journal of Heat Transfer, Vol. 101, 1979, pp. 359-364. 

33 T'ien, J. S. , "Oscillatory Burning of Solid Propellants Including Gas Phase Time 
Lag," Combustion Science and Technology , Vol. 5, No. 2, 1972, pp. 47-54. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



SELF-SUSTAINED OSCILLATORY BURNING 439 

34 Peters, N., "Theory of Heterogeneous Combustion Instabilities of Spherical 
Particles," Fifteenth Symposium (International) on Combustion, The Combustion 
Inst., Pittsburgh, PA, 1975, pp. 363-375. 

35 Matkowski, B. J., and Sivashinsky, G. L, "Propagation of a Pulsating Reaction 
Front in Solid Fuel Combustion," SIAM Journal Applied Mathematics , Vol. 35, 
No. 3, 1978, pp. 465-478. 

35 Swift, J. D., and Schwar, M. J. R., Electrical Probes for Plasma Diagnostics , 
ILIFFE Books, London, 1970. 

37 Schott, L., Plasma Diagnostics , edited by W. Lochte-Holtgreven, North-Hol- 
land, Amsterdam, 1968, Chap. XI. 

38 Chen, F. F., Plasma Diagnostic Techniques, edited by R. H. Huddlestone and 
S. L. Leonard, Academic, New York, 1965, Chap. IV. 

39 Lawton, J., and Weinberg, F. J., Electrical Aspects of Combustion, Clarendon, 
Oxford, England, 1969, Chap. V. 

40 Heinshon, R. J., and Becker, P. M., Combustion Technology— Some Modern 
Developments , edited by H. B. Palmer and J. M. Beer, Academic, New York, 1974. 

41 Carretta, U., Colombo, G., and Daminelli, G., "Recording of Current Oscil- 
lation During the Burning of Solid Propellant by Double-Probe Method," Pro- 
ceedings of the Ist ITALY-USSR Joint Workshop on Combustion, edited by L. De 
Luca and L. Galfetti, Politecnico di Milano, Milan, Italy, July 2-5, 1985. 

42 Petrov, Y. S., Shcheglov, V. D., and Maslikhov, V. V., Combustion, Explosion, 
and Shock Waves, Vol. 18, 1982, p. 58. 

43 Steinz, J. A., and Summerfield, M., "Low Pressure Burning of Composite Solid 
Propellants," Propellants, Manufacture, Hazards and Testing, Advances in Chem- 
istry Series, Vol. 88, 1969, pp. 244-295. 

44 Boggs, T. L., and Beckstead, M. W., "Failure of Existing Theories to Correlate 
Experimental Nonacoustic Combustion Instability Data," AIAA Journal, Vol. 8, 
No. 4, 1970, pp. 626-631. 

45 Cohen, N. S. et al., "Design of a Smokeless Solid Rocket Motor Emphasizing 
Combustion Stability," 12th JANNAF Combustion Meeting, Chemical Propulsion 
Information Agency Publication 273, Vol. II, 1975, pp. 204-220. 

46 Bircumshaw, L. L., and Newman, B. H., "The Thermal Decomposition of Am- 
monium Perchlorate I," Proceedings of the Royal Society o f (London), Series A, 
Vol. 227, No. 1168, 1954, pp. 115-132. 

47 Bircumshaw, L. L., and Newman, B. H., "The Thermal Decomposition of Am- 
monium Perchlorate II," Proceedings of the Royal Society of (London), Series A, 
Vol. 227, No. 1169, 1955, pp. 228-241. 

48 Ohlemiller, T. J., and Summerfield, M., "Radiation Augmented Burning of 
Solid Propellant," Princeton Univ., Princeton, NJ, July 1967. 

49 Sch6yer, H. F. R., "Incomplete Combustion: A Possible Cause of Combustion 
Instability," AIAA Journal, Vol. 21, No. 8, 1983, pp. 1119-1126. 

50 Saito, T., and Iwama, A., "Laser Ignition Behavior of AP/CTPB Propellants 
at Subatmospheric Pressures," Inst. of Space and Astronautical Science, ISAS RN- 
82, Tokyo, 1982. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



This page intentionally left blank 



(&AIAA 

faWuU'sftwafariiTBpanimimfy Purchased from American Institute of Aeronautics and Astronautics 



Chapter 12 



Transient Combustion of Solid Propellants: 
An Important Aspect of 
Deflagration-to-Detonation Transition 

C. F. Price* and T. L. Boggsf 
Naval Weapons Center, China Lake, California 



Nomenclature 

Af = Arrhenius prefactor 

A gi = second-order prefactor, reaction i 

A t = reaction prefactor 

A s = surface rate prefactor 

C p = mass average specific heat 

Cp = specific heat of gas 

d( ) 

— — = total derivative 
dt 

E f = Arrhenius activation energy 

E gi = activation energy, reaction i 

E/ = activation energy 

E s = surface rate activation energy 

F, = average fraction complete, reaction i' 

h = specific enthalpy 

MW = molecular weight of reacting species 

MW y = molecular weight of species j 

n = reaction order, most normally taken as 2 

P = pressure 

R = universal gas constant 



This paper is a work of the U.S. Government and is not subject to copyright protection 
in the United States. 

*Research Engineer, Engineering Sciences Division, Research Department. 
tDivision Head, Engineering Sciences Division, Research Department. 
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Introduction 

I T is our purpose to attempt a better definition of the deflagration process 
that may, under certain cireumstances, transition to detonation (DDT). 
To accomplish this, it has been necessary to re-examine the entire field of 
transient combustion and to guard against the temptation to regard the 
transient condition as a special case of the steady-state solution. Of course, 
the exact opposite is true; the steady state is a somewhat special case of 
the general solution. 

The conservation equations for the various phases (solid, liquid, and 
gas) are easily written, and the initial and boundary conditions are known. 
Why, then, are more exact forms of the transient combustion equations 
so seldom used? It appears that there are several reasons: 

1) lack of sufficiently accurate kinetic data to deseribe all possible re- 
aetions; 

2) lack of sufficient computer power and improved methods for solution 
of finite-difference equations; and 

3) lack of understanding of the import, because of the ease of dealing 
with reaetions in the steady-state solution. 

Recent developments have served to alleviate the second reason, and as 
the importance has been increasingly recognized, more and more work has 
commenced. It is one thing to represent correctly the transient combustion 
process by considering the kineties and energeties of the reaetions that are 
taking place, and quite another to amass the prefaetors and aetivation 
energies that will deseribe a given material. This is particularly true for 
mixtures, or composites, where many of the observable data are the result 
of the interaetion of a number of individual reaetions. 
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The authors felt that some form of global kinetics might properly rep- 
resent the phenomena and, most importantly, that these global kinetic 
parameters might be derived from the evaluations of steady-state burn 
rate, temperature sensitivity, and radiant ignition sensitivity, which are 
carried out on a number of propellants on an almost routine basis. To 
accomplish this, it was necessary to derive a model that would utilize the 
same kinetic parameters in describing a steady-state burn rate and a time- 
dependent radiant ignition process. If this were done properly, the same 
constants could be utilized in a completely transient analysis. We will try 
to describe our efforts. 

First, we will present our analysis of the transient combustion process, 
followed by a description of its application to a porous bed model. Results 
of calculations with both thermally and mechanically stimulated porous 
beds are given. 



Analysis of the Problem 

If we neglect molecular diffusion, the conservation equations for species 
and energy, as written in partial derivative form, are 



Species: 



Energy: 



<*Yi dY, 
p -f = ±RR, + pv- 1 
at dx 



dh d i X dh\ dh 



P 



+ pv 2 +RR,A//, 



dt 3x \C p dx/ dx , = i,„ 



The convective terms, involving the spatial gradient, serve to describe 
the flow process in the gas phase, and the effect of the moving boundary 
at the interface between the condensed and gas phases. If we limit our 
present analysis to isobaric processes, and both the steady-state burn rate 
and the ignition process are isobaric, then there is no pressure gradient in 
time, and we can ignore safely the pressure gradient in distance (as do 
most burn rate modelers), and thus obviate the need to write an equation 
for the conservation of momentum. 

The reactions in the condensed phase are described classically in first- 
order Arrhenius form: 



RR, = pA^I-O - 2 n Y^jt 



- E j/ RT 



where F, is the mass fraction gasified. 

In the gas phase, a general nth-order rate equation is employed, in terms 
of the molar concentration of the reactants: 

* R >-^\' Y >)'-*" tT 
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There are a large number of reactions to be considered for even a simple 
monopropellant such as cyclotetramethylene tetranitramine (HMX).* In 
some quarters, there is still disagreement about the reactions themselves, 
and there is insufficient accuracy in many of the published rate values. In 
addition to this real difficulty is the desire to simplify the reaction sequence 
to conserve computer resources. 

An overall reaction concept (or global kinetics) has been investigated 
by Coffee et al. 2 They compared the flame properties for a premixed, 
laminar, steady-state flame obtained through the solution of an exhaustive 
set of reactions to those calculated by a single overall reaction. They in- 
dicate that quite reasonable agreement can be obtained, and point the way 
to the utilization of such a concept for other systems. In our application, 
the global kinetic values are derived from the data obtained by both steady- 
state regression and ignition experiments. 

There was a temptation to lump the total condensed-phase reactive be- 
havior into one "global" reaction. This was the approach taken in many 
of the earlier regression rate models (Ref. 3, for instance), where the single 
reaction was considered as a "surface" (condensed-gas interface) phenom- 
enon, much like an inert ablation process. 

Sometime ago, 4 we became convinced that certain materials (most no- 
tably the nitramines) could not be adequately described by a single-path 
gasification process. Accordingly, our model deals with two decomposition 
reactions in the condensed phase leading to gasification. In the case of the 
nitramines, one path is exothermic and the other is endothermic. A dif- 
ference in the activation energies of the two reactions provides the leverage 
to augment one reaction at the expense of the other, as the experimental 
conditions of pressure and/or initial temperature change. This variation in 
the composition of the gasified products at the interface is vital to the 
understanding of the pressure and temperature sensitivity of HMX at low 
pressures. 

The model utilizes two decomposition reactions, in each of which 1 mole 
of solid becomes 2 moles of gas, regardless of the reaction path. Recent 
experimental work has shown this to be a fairly accurate description of 
nitramine decomposition. Thus, the gasification process leads to two dif- 
ferent bimolecular compositions, each of which must react to the final 
product composition in the gas phase. This bimolecular character leads to 
our use of second-order gas-phase reactions to change the decomposition 
products into the final equilibrium products. 

Thus, the general solution proceeds from a set of six partial derivatives 
in distance and time, four expressing the conservation of species and two 
for the enthalpy. External heating effects (radiative and/or convective) are 
introduced at the "surface" position, and integration proceeds from the 
initial and cold condensed-phase boundary conditions to the final (equi- 
librium) steady-state solution. This is the set of equations for a radiant 
ignition condition. 

The steady-state regression condition is represented by a reduced form 
in which the time-dependent terms are set equal to zero. This leads to a 
set of six ordinary, nonlinear, differential equations in distance. A number 
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of researchers 5 have dealt with this set of equations, or an even more 
complicated reaction set, for several different materials. The use of robust 
ordinary differential equation solution techniques makes this task relatively 
easy. 

Simplified Analysis 

In attempting to solve the partial derivative set, it rapidly becomes ap- 
parent that the evaluation of the spatial derivatives in the gas phase is a 
difficult task as compared with the well-behaved gradients, which build up 
in the condensed phase. 

The scenario that develops (particularly with radiative heating) is as 
follows. As the condensed phase is heated, a thermal profile is established 
in the condensed phase, the sample begins to react, and to gasify. The 
gases leave the surface with a velocity sufficient to satisfy the conservation 
of mass, and they begin to react as they flow away from the surface. 
Initially, these gas-phase reactions are quite slow, since the temperature 
is that of the surface. However, the heating of the gases, due to the ex- 
othermic reaction to final products, causes a conduction of heat back to 
the surface. Thus, the gases leaving the "surface" an instant later flow into 
a higher temperature region, leading to faster reactions. This "bootstrap- 
ping" action continues until rather suddenly the reaction zone snaps back 
toward the surface and a steady-state profile is established. 

Under steady-state conditions, the total reaction zone thickness is mea- 
sured in micrometers, whereas the intermediate transient condition may 
involve partial reactions occurring several centimeters from the "surface." 
The task of evaluating spatial derivatives becomes extremely difficult as 
the extended (centimeter scale) reaction zone collapses to the steady-state 
(micron scale) reaction zone in, at most, a few microseconds. 

Methods are beginning to emerge that may make this task feasible, but 
at the time of our analysis an even further simplification of the equations 
was deemed necessary. It was our desire to be able to utilize this model 
as a constitutive relation for mass and energy in porous-bed and reactive 
hydrocodes, as well as a tool for the study of ignition. 

It was conjectured that, if the integrations in distance and time could be 
evaluated separately, a concentrated (flame-sheet) model could be substi- 
tuted for the spatially distributed one, and a much easier solution might 
result while most of the physical reality was still retained. Consequently, 
the spatial (geometric) effects were cast as a reaction distance (standoff) 
in the manner of the Beckstead-Derr-Price model, 3 whereas the time- 
dependent effects (fraction of completion of reaction temperature at flame- 
sheet position) were solved as ordinary differential equations. Thus evolved 
the model in use today at the Naval Weapons Center (NWC). The same 
gas-phase parameters were used to evaluate both spatial and temporal 
effects. 

The reaction distance (standoff) relations normally derived by integra- 
tion of the spatial derivatives in the gas phase 3 are as follows: 

x * = (p s r)/(A f e- E ' ,RT P") 



(&AIAA 

HnWa^ffiiimihiiioipiimiaiilfAf Purchased from American Institute of Aeronautics and Astronautics 



446 C. F. PRICE AND T. L. BOGGS 

Dimensionless: 

% = (Cp gPs rx*)/\ g 

Flame feedback: 

= p s rAHe~ z 

These are, of course, for the steady-state, fully reacted case. We have 
chosen to modify the relations to reflect the developing character of the 
reaction profile with time by introducing a fractional reaction term, F, 
which represents the fractional completion of the reactions along a given 
path. 

Thus, our modified relations become 

x*i = p s r/(A gi p g /MWFfe- E * ilRT >) 



If we define the average fraction complete and the average gas temper- 
ature as 

J. = l.o - F/2 



dT 
s dx 



dT 

^ s dx 



/AH,- _ 
' 2.0 W'/,, ' ' " 

where T s is the temperature at the condensed-gas interface, and the time- 
dependent relation for the fraction of reaction completed is defined as 

dF 

= (1.0 - F,)A gl /MWp g Ffe- E f /RT - 

We now have written a set of equations that utilizes one set of kinetic 
parameters to describe both spatial and temporal effects. The regression 
rate is approximated by 

i = 1 ,n 

where T s is the surface temperature and Y, the mass fraction gasified for 
the early phases of the radiant ignition process where the decomposition 
reactions are not yet complete at the surface. 

The leads to a working set of equations used at NWC, described as 
follows: 

For steady state, 

3 Ordinary differential equations for the condensed phase 
2 Flame standoff equations for heat feedback 
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For transient (ignition), 

3 Partial derivatives f(x, t) for the condensed phase 

2 Ordinary differential equations for fraction reacted, gas phase 

2 Flame standoff equations, f (t), for heat feedback 

Application of Model 

Our application of the model has been twofold: analysis of laboratory 
burn rate and ignition data to obtain the global kinetic parameters, and 
predictive calculation of the thermal and reactive response of porous ma- 
terials when subjected to either thermal or mechanical stimulation. 

Determination of Global Parameters 

Our work with HMX is a good example. 4 An excellent database of 
steady-state regression rates is available, both as a function of pressure 
and material temperature. There is sufficient radiant ignition data as a 
function of the heating rate to allow our analysis to be applied. 

For the nitramine, HMX, two condensed-phase reaction paths were 
chosen: 

Exothermic, 170 cal/g: 

1/4 HMX H 2 CO + N z O 

Endothermic, 125 cal/g: 

1/4 HMX -» HCN + HNO z 

An activation energy of 44.3 kcal/mole was chosen as an average value 
from the literature 7 for the exothermic decomposition. Values for the spe- 
cific heats, thermal conductivities, and density were also chosen from the 
literature, 8,9 as given in Table 1. 

Three activation energies and all four prefactors remain to be deter- 
mined. This is a problem in multidimensional, nonlinear curve fitting or 
conformal mapping and leads to our use of optimization techniques for a 
"best" solution. In the method we employ, initial values of the seven 
parameters are chosen, as well as initial perturbation values for each. 

A value of the regression rate (or ignition time) is calculated for each 
of the experimental conditions in the database, and the rms error term for 
the calculated/observed values is obtained. This process is repeated for a 
controlled series of single- and multiple-parameter perturbations, from 
which the partial and cross-partial error terms may be evaluated. By uti- 
lizing these data in a modified Newton technique, the initial values may 
be modified so as to minimize the rms error term. 

This continues until a solution is reached (no more improvement) or a 
specified number of iterations has been accomplished. The inherent sta- 
bility requirement in the condensed-phase equations leads to calculational 
time steps of 5 |xs or less. Fully established ignition calculations involving 
times of 100 ms require considerable computation time. 

The results of such an analysis as applied to HMX are given in Table 1. 
Calculations made with the parameters given in Table 1 yield the com- 
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Table 1 Model parameters for HMX 



A cl = 7.09 x 10 21 l/s E cX = 47.8 kcal/mole 

A c2 = 5.92 x 10 19 l/s E c2 = 44.3 kcal/mole 

A gl = 1.48 x 10 11 cm 3 /mole - s E gl = 19.2 kcal/mole 

A g2 = 8.09 x 10 14 cm 3 /mole - s E g2 = 25.6 kcal/mole 

K = 0.001295 cal/cm • s • K \ g 0.000800 cal/cm • s K 

Cp s = f(T) ~ 0.28 cal/g - K Cp g = 0.43 cal/g K 

A//, = + 125 cal/g AH 2 = - 170 cal/g 
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Fig. 1 Self-deflagration rates of HMX as a function of pressure and initial 
temperature. Curves (in ascending order) were at initial temperatures of 173, 
298, 373, and 423 K. x axis: pressure, psia; y axis: self-deflagration rate, cm/s. 
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parisons to experimental data shown in Figs. 1 and 2. The changes in 
pressure and temperature sensitivity at low pressure are quite evident in 
Fig. 1. It is this complexity that dictates the use of more than one con- 
densed-phase reaction for gasification. The overall rms error for the 26 
data points shown is 8.7%. 

The wide range of pressures, especially for the ambient temperature 
case, shouid be noted, as well as the wide range of initial temperature 
conditions. We are unaware of any others who have successfully matched 
burn rates over such an extreme range of conditions, let alone attempted 
the simultaneous study of the ignition process. 

Reference to the ignition data in Fig. 2 shows the area in which gas- 
phase reactions are important in transient combustion. The lower curve 
represents the times at which a small but significant amount of material is 
being decomposed and gasified. Between the curves is a domain in which 
light is emitted, energy is given off, gases may be collected and analyzed, 
and the solid is regressing. However, if the external flux is removed, the 
thermal and reaction profiles will collapse, and self-sustaining combustion 
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Fig. 2 Radiant ignition of HMX by xenon arc-image source. Pressurized to 250 
psia (17 atm) with nitrogen. Solid curve is first gasification locus; dotted curve is 
"go/no-go." x axis: radiant flux, cal/cm 2 • s; j' axis: time, ms, 
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(ignition) has not been achieved. The upper curve represents the times at 
which true ignition has been accomplished. 

This preignition behavior is well illustrated in the photographs shown in 
Fig. 3. These show the response of a nitramine propellant subjected to the 
same energy heat flux (~ 100 cal/cm 2 s) but for varying times. Figure 3a 
shows a sample that had been subjected to the flux for slightly more than 
5 ms. During this time, the thermal profile was being established within 
the propellant but there was no significant decomposition of the surface. 
Figure 3b shows a sample, subjected to the same heat flux, but for a slightly 
longer time — a few milliseconds longer than that required for first gasi- 
fication. Figure 3c shows a sample, subjected to the same energy level but 
for an even longer time — a time almost equal to that indicated by the 
upper curve. While both samples (Figs. 3b and 3c) were decomposing, 
they did not continue to decompose when the external flux was removed 
at the indicated times. 

In this insufficiently ignited domain, only partial completion of the gas- 
phase reactions has occurred and only a portion of the total reactive energy 
has been released. This same partially reacted domain can play a significant 
role in many DDT scenarios involving porous beds. 



Porous-Bed Modeling 

The model employed herein is a modification of that used by Pilcher et 
al. 10 Their model, based partially on the earlier work of Krier, includes 
the effects of confinement as well as the gas flow, ignition, flame spread, 
and pressure buildup due to burning within the porous material. This is a 
truly transient analysis, solving the conservation equations of mass, mo- 
mentum, and energy in both the solid and gas phases. 

The model is a composite of numerous equations, auxiliary relationships, 
and submodels. The basic elements are as follows: 

1) Gas-phase conservation equations. The equations are one dimensional 
and similar to those proposed by Culick. 12 A conservation of gas-phase 
species has been added to accommodate the gas-phase reactions, which 
are second order to match the simplified analysis. 

2) Condensed-phase (particles) conservation equations. These are quasi- 
one-dimensional and involve the center of mass and motion relative to the 
center of mass. Axial conduction of heat in the bed is ignored. 

3) The porous-bed drag correlations of Jones and Krier 13 are employed 
for the interphase force relationship. An effective diameter is utilized to 
account for the effects of deformation due to compaction, initial nonspher- 
icity, and any size reduction due to fracture during compaction. 

4) The heat-transfer correlation of Denton 14 is employed for one of the 
interphase energy relationships. Again, an effective diameter is utilized. 
The simplified burn rate/ignition model is employed as an additional in- 
terphase energy relationship, and also serves as the interphase link in the 
mass conservation equations. 

5) The equation of state for the gases is of the covolume type, but the 
covolume may be described as a function of density, if desired. 
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Fig. 3 Preignition behavior of nitramine-based propellant. Flux terminated 

a) just prior to first gasification time, b) a few milliseconds after first gasification, 

and c) just prior to "go/no-go ignition." 
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6) The equation of state for the porous bed is a combination of the 
effects of particles that compress in a bulk mode (bulk compressibility 
factor) and a compacting bed described by the stress relationships of Carroll 
and Holt 15 as modified by Kooker and Anderson. 16 

7) Confinement of the bed by the tube walls is described by the HONDO 
finite element computer code, 17 with pressure loading at the interface as 
a function of both gas and particle pressure. 

8) The boundary conditions at the left-hand end are impermeable, and 
optionally fixed for thermally stimulated (ignitor) calculations, or movable 
at a specified time-dependent velocity for piston-driven compaction cal- 
culations. 

It should be pointed out that the simplified analysis described earlier in 
the chapter is employed only as a submodel utilized as a constitutive relation 
in the mass and energy equations of the porous-bed model. The gas-phase 
reactions in the overall model are cast conventionally. This might appear 
to be a redundancy, but it is not. By treating the reactions in this manner, 
the conservation equations can remain one dimensional. 

The situation modeled is depicted in Fig. 4 showing the ignitor (A) 
(alternately a moving piston), which provides the stimulus, the sample (B), 
and the tube or confinement (C). The ignitor is described as a pressure- 
dependent mass and energy input to the tube. The sample is described in 
terms of initial loading density, compaction properties (intergranular stress 
relationship), material decomposition/pyrolysis kinetics and energetics, 
thermal properties of the solid, particle diameter and nonsphericity, and 
any void, or ullage, condition. U the tube wali is allowed to dilate, then 
the geometric and material description of the tube must be included. Thus, 
over 50 parameters may be required to describe adequately the various 
aspects of a DDT experiment. 

However, it must be emphasized that all of these parameters represent 
descriptors of some physical or chemical property pertinent to the calcu- 
lation. They are not arbitrary "floating" parameters (so-called "fudge fac- 




A - Stimulus, thermal or mechanical 
B - Porous bed 
C - Confinement 



Fig. 4 Situation being modeled by NWC program: A — stimulus, thermal or 
mechanical; b — porous bed; C — confinement. 
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tors"); rather, they are fixed at the beginning of a run. 

Basically, our porous-bed model is similar to the models of others 1819 
except for one major difference: our model describes the transient ignition/ 
combustion behavior of the energetic material by physically realistic for- 
malism. Not only is the formalism realistic, but its use allows relation to 
other types of experiments. 

Other models do not explicitly use a time-dependent energy release, nor 
separate relationships for mass- and energy-release rates. Some use a pres- 
sure-dependent energy release somewhat akin to r = ap", but the values 
of n are often arbitrarily chosen and of unrealistic magnitude. Some utilize 
a parameter such as surface temperature, or one derived from the behavior 
of the initiating stimulus, as a signal to switch from inert behavior to the 
release of mass and energy. 

As will be seen in the following sections, the kinetic and energetic values 
that fit the ignition and steady-state burning rate are selected, and these 
independently chosen values are utilized in the deflagration-to-detonation 
code, without regard to the type of stimulation. 



Calculated Results 

Thermal Stimulation 

The model was utilized to calculate the response of a porous bed of 
HMX subjected to the thermal stimulus of a typical ignitor. The bed was 
made up of particles of an effective diameter of 775 u. and initially at a 
density of 73% theoretical. The bed compaction parameters were derived 
from the data of Ref. 20, and the kinetic parameters from Table 1 were 
used. The ignitor was described as 0.7 g of a boron/potassium nitrate 
mixture, with an additional initiator mass flow for 80 |xs, which contributes 
another 0.13 g. A heavy-wall tube of 1020 steel was used for confinement. 
It was 6.0 in. (15.24 cm) long, 1.0 in. (2.54 cm) in diameter with a wali 
thickness of 1.0 in. (2.54 cm). 

The curves in Figs. 5 and 6 show the compaction (%TMD) and gas 
pressure vs distance calculated at four different times — 0.05, 0.15, 0.25, 
and 0.35 ms — after ignitor initiation. The appearance of the downstream 
pressure spike at 0.35 ms heralds the onset of very rapid changes. 

The curves in Figs. 7 and 8 show the same variables at 0.36, 0.365, 0.37, 
and 0.375 ms. The compaction data indicate a very rapid movement of the 
"peak density" location. This is perhaps better shown in Fig. 9, where this 
location is plotted as a function of time. There is an abrupt change of slope 
at about 0.36 ms. The velocities that can be derived from this plot are 
about 0.19 mm/|jLS in the low velocity, or weak-compaction, region, and 
approaching 3.5 mm/|xs in the high velocity, or strong-compaction, region. 

It is interesting to note the evidence of a backward-traveling wave in 
both the gas-pressure and compaction (%TMD) curves, and the apparent 
achievement of an equilibrium condition in terms of peak gas pressure and 
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Fig. 5 Compaction-distance profiles for 775-p HMX at 50, 150, 250, and 350 
p-s. Boron potassium nitrate ignitor. x asas: distance, in.; x axis (top): distance, 
cm; y axis: fraction theoretical density. 
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Fig. 6 Gas pressure-distance profiles for 775-p. HMX at 50, 150, 250, and 350 
p.s. Boron potassium nitrate ignitor. x axis: distance, in.; x axis (top): distance, 
cm; y axis: gas pressure, MPa. 
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Fig. 7 Compaction-distance profiles for 775-ji HMX at 360, 365, 370, and 375 
|x.s. Boron potassium nitrate ignitor. x axis: distance, in.; x axis (top): distance, 
cm; y axis: fraction theoretical density. 
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Fig. 8 Gas pressure-distance profiles for 775-ji HMX at 360, 365, 370, and 375 
p-s. Boron potassium nitrate ignitor. jc axis: distance, in.; x axis (top): distance, 
cm; y axis: gas pressure, MPa. 
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solid wave velocity. It is also interesting to note that these values are about 
what might be expected from a low-density material (due to porosity). 

The influence of the gas-phase reactions in leading to the characteris- 
tically delayed transition is shown in Fig. 10. The solid curves are the 
fractional concentration of pyrolysis, or partly reacted, products, at times 
of 0.3, 0.35, 0.36, and 0.37 ms. The dashed curves are the corresponding 
final product concentration profiles. The rapid changes in these profiles 
between 0.36 and 0.37 ms are what drive the low-velocity, low-pressure 
distribution into a high-velocity, high-pressure regime. There has been a 
definite transition. 

The effect of the rapid and localized pressurization on the confining tube 
wali geometry is shown in Fig. 1 1 . A 20% increase in diameter has occurred 
at the 2.0-in. position during a time period of only 20 ^s. Total failure of 
the tube at this location is imminent. 

The effect of realistic vs infinitely fast gas-phase kinetics (a "switch" 
from inert behavior to fully reacted product) is demonstrated in the wave- 
front locus comparison of Fig. 12. The transition to full burning is shown 
to occur much earlier than when realistic kinetics are employed in the 
computation. The solid curve shows results much more in agreement with 
the experimental data. 21 The infinitely fast case is equivalent to the use of 
an "ignition temperature," utilized by many modelers. In attempts to delay 
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Fig. 10 Fraction reacted-distance profiles for 775-p. HMX at 300, 350, 360, and 
370 fis. Boron potassium nitrate ignitor. Solid curve is partial reaction 
(pyrolysis); dotted curve is total reaction. x axis: distance, in.; x axis (top): 
distance, cm; y axis: reacted gas composition. 
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Fig. 11 Tube dilatation-distance profiles for 775-u. HMX at 360, 365, 370, and 
375 p.s. Boron potassium nitrate ignitor. x axis: distance, in.; x axis (top): 
distance, cm; y axis: tube cross-sectional area, cm 2 . 
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Fig. 12 Wave-front locus vs time for 775-fi HMX. Solid curve is with realistic 
kinetics; dotted curve is with infinitely fast kinetics. x axis: time, ms; y axis: locus 
of peak compaction, in. 
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Fig. 13 Fraction reacted-distance profiles for 775-ja HMX before transition. 
Solid curves for realistic kinetics at 150 p.s; dotted curves for infinitely fast 
kinetics at 60 |xs. Upper curve of each set is fully reacted fraction; lower curve is 
pyrolyzed fraction. x axis: distance, in.; x axis (top): distance, cm; y axis: reacted 
gas composition. 
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the transition, they artificially increase the ignition temperature, which will 
cause transition to occur at a slightly later time. Additional increases of 
ignition temperature reach a value that inhibits ignition, subject to the 
given stimulus. Only proper modeling of the gas-phase kinetics seems to 
allow calculations more in agreement with reality. 

The reaction profiles in Fig. 13 show that, at times before the transitions, 
there can be a significant buildup of pyrolysis products in the gas phase 
for the case of realistic kinetics. Little buildup is possible at any time with 
the infinitely fast kinetics. 



Mechanical Stimulation 

To demonstrate the other mode of initiation, a calculation was made 
with a bed of the same granular HMX packed to the same 73% theoretical 
density. However, there was no thermal stimulation (no ignitor). In its 
place was an externally driven piston whose velocity was set at 130 m/s 
and held constant during the calculation. The confining tube remained the 
same, as well as all other material descriptors. 

The curves in Figs. 14 and 15 show the compaetion (%TMD) and gas 
pressure vs distances caleulated at six different times — 0.01, 0.02, 0.03, 
0.04, 0.05, and 0.06 ms — after the piston start. The piston velocity ramps 
to 130 m/s in 1 |xs. The first three profiles (up to 30 |xs) exhibit the charaeter 
of an externally driven, weak-compaetion wave. At 30 |xs, there is evidence 
of beginning reaction in the appearance of the dip, or saddle in the com- 
paetion profile, and the first pressure high enough to appear at this plot 
scaling. The rapid acceleration of the compaetion front and the increase 
to a quasi-steady-state pressure level may be seen in these two figures. 

The rapid changes in compaetion charaeter are shown in Fig. 16, in 
which the "peak density" location is plotted as a funetion of time. An 
abrupt transition is evident around 30 jas. The velocity that may be derived 
from the early slope is 0.5 mm/|xs whereas that of the high-velocity, or 
strong-compaetion, region is 3.3 mm/fxs. 

The influence of both condensed- and gas-phase reaetions is shown in 
Fig. 17. The solid curves are the fractional concentration of partly reacted 
products at 20, 25, 30, and 35 jxs. The dashed curves are the corresponding 
final produet concentration profiles. The rapid changes in these profiles 
between 25 and 30 u.s are the cause of the definite transition. 

The effect of the rapid and localized pressurization on the confining tube 
wali geometry is shown in Fig. 18. A 35% increase in diameter has occurred 
around the 0.7-in. (1.78-cm) location during a time period of about 30 (xs. 
This was the failure eriterion used in the HONDO program, which caused 
the calculations to cease. 

It is interesting to note that the gas pressure reaches the same quasi- 
steady-state value, regardless of the type of initiation, and that the strong- 
compaetion velocities also agree quite well. This is as it should be, if we 
have truly reached some equilibrium condition that is dependent only on 
material properties. 
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Fig. 14 Compaction-distance profiles for 775-|a HMX at 10, 20, 30, 40, 50, and 
60 n.s. Piston-driven compaction at 130 m/s. x axis: distance, in.; x axis (top): 
distance, cm; y axis: fraction theoretical density. 
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Fig. 15 Gas pressure-distance profiles for 775-p. HMX at 10, 20, 30, 40, 50, and 
60 jvs. Piston-driven compaction at 130 m/s. x axis: distance, in.; x axis (top): 
distance, cm; j> axis: gas pressure, MPa. 
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TIME, ms 

Fig. 16 Wave-front locus vs time for 775-|x HMX. Piston-driven compaction at 
130 m/s. x axis: time, ms; y axis: locus of peak compaction, in. 
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Fig. 17 Fraction reacted-distance profiles for 775-u. HMX at 20, 25, 30, and 35 
p,s. Piston-driven compaction at 130 m/s. Solid curve is partial reaction 
(pyrolysis); dotted curve is total reaction. x axis: distance, in.; x axis (top): 
distance, cm; v axis: reacted gas composition. 
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Fig. 18 Tube dilatation-distance profiles for 775-p. HMX at 10, 20, 30, 40, 50, 
and 60 p.s. Piston-driven compaction at 130 m/s. x axis: distance, in.; x axis (top): 
distance, cm; y axis: tube cross-sectional area, cm 2 . 



Conclusions 

We have shown how global kinetic parameters describing the overall 
reactions may be derived from the normal laboratory determinations of 
steady-state burning rate and ignition behavior. 

We have also shown how these parameters unite these somewhat dis- 
parate experiments, and how they may be employed in the prediction of 
the behavior of a bed of porous material. We have shown how neglect of 
the transient effects gives artificially fast DDT behavior. 

Finally, we have shown the importance of both condensed- and gas- 
phase reactions in the behavior of porous beds, whether stimulated me- 
chanically or thermally. To the authors' knowledge, this is the first time 
that a single model, with a single set of descriptive parameters, has been 
used successfully for both methods of stimulation to detonation. 

It is hoped that our progress will continue to stimulate the work of others, 
as we continue this effort in our own laboratory. 
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Chapter 13 



Coupling Between Nonsteady Burning and 
Structural Mechanics of Solid-Propellant Grains 

K. K. Kuo* 

Pennsylvania State University, University Park, Pennsylvania 

and 

D. E. Kookerf 
U.S. Army Ballistic Research Laboratory, 
Aberdeen Proving Ground, Maryland 



Nomenclature 

A = cross-sectional area 

An = Andreev number, = pr h C c d/k c . 

a T = propellant time-shift factor 

a 0 = length of initial crack 

A s = specific surface area of affected zone 

b = depth of crack 

C c = specific heat of condensed-phase material 
d = diameter of pore used in Andreev number 
£ rcf = relaxation modulus at a reference condition 
F a = force applied to top ram (quasistatic compaction experiment) 
F, = force transmitted to bottom ram (quasistatic compaction experi- 
ment) 

h p = enthalpy of propellant product gases at adiabatic flame tempera- 
ture 



Copyright © 1990 by the American Institute of Aeronautics and Astronautics, Inc. Ali 
rights reserved. 
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I. Introduction 

D URING the transient combustion of solid propellants in gun and rocket 
propulsion systems, the chamber pressure could change drastically with 
respect to time. The propellant grains, under transient pressure loading, 
could also deform significantly. Under extreme conditions, grain fracture 
could occur as a result of large mechanical deformation caused either by 
crack propagation, branching, debond between liner and propellant grain, 
implosion, intragranular compressive stress loading, shear, or by the tear 
mode of stress loading. It is easily conceivable that, as the propellant grain 
is partially damaged or largely shattered, the total burning surface area of 
a damaged grain could be significantly greater than the original grain or 
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its regular burn-back configurations. The damaged grains usually have a 
higher specific buming surface area and, hence, could result in a higher 
degree of mechanical deformation and fracture. Finally, the rocket motor 
or any propulsion system in question could cause major failure in its 
operation. 

This chapter is devoted to the aforementioned coupling effect between 
transient burning and structural mechanics. The objective is to cover two 
major areas. Section II deals with crack propagation and branching in 
burning solid propellants, and Sec. III concerns the coupling of transient 
combustion with intragranular stress waves transmitted through an aggre- 
gate of granular propellant. 

II. Crack Propagation and Branching in Solid Propellant During 
Transient Burning 

Cracks may exist in solid-propellant grains as a result of manufacturing 
defects, aging, or mechanical damage. The propagation and branching of 
cracks may significantly increase the burning surface area in the combustion 
of these damaged grains, thus initiating chamber overpressure and possible 
rocket motor failure. In seriously damaged grains, these processes could 
also increase the chance of deflagration-to-detonation transition (DDT). 

The overall event of crack combustion, propagation, and/or branching 
includes many steps. In general, it can be divided into four stages: 1) hot 
gas penetration and flame propagation along solid-propellant crack sur- 
faces; 2) crack cavity pressurization, mechanical deformation of the con- 
tour, and initiation of crack growth; 3) crack propagation and/or branching 
with severe burning in the damaged zone; and 4) large-scale deformation, 
propellant grain fracture, and propulsion system failure. The last stage has 
not been studied extensively; therefore, only the first three stages are 
described in the following subsections. 

A. Gas Penetration and Flame Propagation in Solid-Propellant Cracks 

Gas penetration, ignition, flame spreading, and combustion processes 
in solid-propellant cracks generally involve 1) penetration of combustion 
product gases into the crack cavity; 2) convective heating of the propellant 
surface to ignition and transient conduction within the solid propellant; 

3) pressure wave phenomena in the longitudinal direction of the crack; 

4) flame spreading along the crack; 5) cavity pressurization due to gasifi- 
cation of the solid propellant; 6) flow reversal due to chamber pressuri- 
zation; and 7) deformation of the crack geometry due to burning and 
pressure loading. A recent summary of the state of the art on flame spread- 
ing into a crack cavity was prepared by Kumar and Kuo. 1 See Ref. 1 for 
a more extensive discussion of flame spreading. 

In addition to the aforementioned complicated and interrelated phe- 
nomena, many other factors can influence the flame-spreading and crack- 
combustion processes. These include 1) the initial geometry of the crack; 
2) the operating condition of the combustion chamber; 3) erosive burning 
phenomena due to high gas velocities; 4) dynamic burning phenomena due 
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to rapid pressure transients; 5) physiochemical properties of the propellant; 
and 6) the initial temperature of the propellant. 

Although the overall process of transient crack combustion is extremely 
complicated, various investigations of the particular processes mentioned 
earlier have been conducted. Prentice 2 studied the flame-spreading phe- 
nomena in transparent solid-propellant cracks using high-speed motion 
pictures and fine thermocouples. He studied the effect of boundary con- 
ditions on the flame-spreading rate into cracks. For closed-end cracks, with 
small diameters, he observed that the flame cannot propagate into the 
crack when the chamber pressure is low. 

Bobolev et al. 3 also studied the effect of boundary conditions on com- 
bustion products penetrating into the propellant crack. They observed that 
the flame-progagation rate in a closed-end crack of a translucent propellant 
was much lower than that of an open-end crack. 

Belyaev et al. 4 showed that burning of propellant inside a narrow pore 
may lead to an excess pressure buildup. Their experimental results indicate 
that the erosive burning effect cannot be neglected in the crack-combustion 
study. In a later study, Belyaev et al. 5 made a series of experimental tests 
to study the dependence of the flame-spreading rate on crack geometry, 
propellant properties, boundary conditions, and combustion chamber pres- 
sures. They found that both the flame-spreading rate and the pressure 
gradient along a crack are strong functions of crack width. For a closed- 
end crack, they observed that the flame-spreading rate increases initially 
until reaching a constant speed and then decelerates near the tip of the 
crack. 

Margolin and Margulis 6 reported that when the Andreev number (An) 
is greater than a critical value (on the order of 6), the combustion gases 
can easily penetrate the crack. (The Andreev number was defined as 
pr b C c d/k c , where p is the density of the porous charge, r b is the burning 
rate, C c is the specific heat of the condensed phase, d is the diameter of 
the pore, and k c is the thermal conductivity of the condensed-phase 
material.) Since the physical meaning of the Andreev number is quite close 
to that of the Peclet number, the convective mechanism is more dominant 
than the conduction mechanism, when An is much greater than unity. 
Unfortunately, the critical Andreev number is not always constant for all 
gas penetration conditions. 

Krasnov et al. 7 investigated the rate of penetration of combustion prod- 
ucts into the pores of a propellant charge. Their experiments were per- 
formed in a constant-pressure chamber. Experimental results showed that 
the flame-spreading rate is lower than the rate of penetration of the com- 
bustion products into the channel. A highly simplified theoretical model 
was also proposed to describe the physical process. However, no adequate 
predictions were obtained. 

Godai 8 conducted experimental investigations of flame propagation into 
narrow slits of solid-propellant grain. Tests were performed with single 
and multiple slits. Godai reported that 1) there is a threshold gap width 
below which the flame cannot propagate into the defect; and 2) the thresh- 
old crack gap is a function of the burning rate of the propellant. 
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As a result of the complexity of many interacting phenomena, no com- 
prehensive theory on flame spreading into cracks was developed until 1978. 
Currently, the model developed by Kuo et al. 9 in 1978 and extended by 
Kumar and Kuo in 1981 14 represents the most comprehensive theory. This 
model, based on one-dimensional transient flow with thin flames near 
propellant surfaces after attainment of the local ignition condition, was 
formulated to describe the gas penetration, inert heating of exposed pro- 
pellant surfaces to ignition, subsequent flame spreading, and combustion 
of the propellant. The mathematical formulation is given in Refs. 1 and 9 
and is not repeated in this chapter. However, it is useful to summarize the 
special features of the model. 

For the gas phase, the mass, momentum, and energy conservation equa- 
tions in unsteady, one-dimensional forms were considered. The equation 
of state can be given either in the form of a perfect gas law or in a Noble- 
Abel dense gas law. Semi-empirical correlations for the convective heat- 
transfer and friction coefficients for turbulent flows in ports were used. 
These coefficients were employed to determine the rate of heat transfer 
between gases and propellant and the retardation of flow momentum due 
to the presence of propellant surfaces. The selected ignition criterion cor- 
responded to the attainment of a critical surface temperature. As soon as 
the surface of the propellant at a given axial location reached the ignition 
condition, the rate of heat transfer between the gas and propellant was set 
to zero. This adiabatic wali condition was supported by the existence of a 
flame between the surface and the core gas; the peak temperature in the 
thin flame between the surface and the core gas; the peak temperature in 
the thin flame zone could effectively isolate the two regions. The burning 
rate of the propellant was determined from a third empirical formula of 
erosive burning that usually depends on pressure, crossflow velocity, and 
initial propellant temperature. 

For the solid phase, the transient heat conduction equation for a semi- 
infinite slab was solved with a set of initial and boundary conditions. The 
mechanical deformation and stress distribution were solved from finite- 
element analysis, assuming the propellant is linear viscoelastic in shear and 
elastic in bulk. Because the thermal wave (layer) thickness near the pro- 
pellant is extremely small (~10^ 4 m), the whole propellant sample was 
taken to be at the isothermal condition in finite-element analysis. The 
thermal stress due to temperature gradients was considered to be small 
when compared with the mechanical stress caused by deformation alone. 

The gas-phase governing equations, describing the flame-spreading and 
combustion processes in a propellant crack, were found to be totally hy- 
perbolic. 10 The numerical techniques developed were chosen on the basis 
of stability, maximum accuracy, and computational efficiency. The hy- 
perbolic partial differential equations were solved utilizing a generalized 
implicit scheme. 11 A quasilinearization method, used to linearize the in- 
homogeneous terms in the governing equations, was combined with a stable 
predictor-corrector procedure. 12 Finally, the governing equations, in their 
finite-difference form, were arranged in a block-tridiagonal matrix form 12 
and solved in an efficient manner. 
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A schematic diagram of the test rig used by Kuo et al. 9 is shown in Fig. 
1. The propellant containing a simulated crack was cast into a brass mold. 
Special mandrels were used during the propellant molding process to pro- 
duce a 2.54-cm-deep channel-shaped crack of length L and gap width 8. 
Two different crack geometries were used: 1) a large crack with L = 
20 cm and the average 8 = 0.52 cm; and 2) a small crack with L = 15 cm 
and the average 8 = 0.08 cm. The main block of the combustion chamber 
had five ports machined into its backside along the longitudinal axis of the 
crack to accept four piezoelectric pressure transducers and a safety burst 
diaphragm. The pressure transducers were located at distances of 0.0, 4.8, 
13.8, and 18.8 cm from the initial crack opening. The window assembly 
consisted of a thin (0.64-cm) sacrificial plexiglass plate and a main plexiglass 
window. This window assembly, along with a stainless-steel retainer, was 
used to close the combustion chamber and permit visual recording of the 
luminous flame-front propagation inside the propellant crack. An inter- 
changeable exit nozzle was connected to the combustion chamber to control 
the rate of chamber pressurization. 

The igniter system consists of 1) a solenoid mounted on the retainer 
block of a spring-loaded firing pin, 2) a percussion element and its housing 
unit, 3) a propellant igniter charge and igniter chamber, and 4) a multi- 
perforated nozzle plate. A remotely controlled, solenoid-activated firing 
pin was used to trigger the primer (see Fig. 1). The products of the per- 
cussion primer then ignited a small amount of propellant shaving in the 
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Fig. 1 Schematic diagram of test chamber for studying flame propagation into 
propellant cracks. 
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booster chamber. The igniter grain was heated to ignition in an extremely 
short time interval (<1 ms). The product gases of the igniter grain flowed 
through the multiperforated plate and eventually caused the propellant 
sample in the main chamber to burn. 

A block diagram of the data acquisition system for the convective flame- 
propagation studies is shown in Fig. 2. The data acquisition system consists 
of three major parts: 1) pressure measuring system, 2) flame-propagation 
measuring system, and 3) transient waveform recording system. This sys- 
tem was also used in subsequent studies of Kumar et al. 13 and Kumar and 
Kuo. 14 

A typical set of time-correlated pressure traces is shown in Fig. 3. In 
this figure, a dual time base is used to obtain maximum information in one 
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Fig. 2 Block diagram of data acquisition system for flame propagation into 
propellant cracks. 
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plot. The initial portions of the P -t traces have been expanded to illustrate 
the pressurization processes at various locations along the crack. Gauge 
G2 is located at the crack entrance, and G5 is located near the crack tip. 
The qualitative nature of the curves is similar, with the following important 
differences: 1) the first discernible pressure rise for each pressure gauge 
occurred consecutively from the crack entrance to the crack tip, i. e., from 
G2 to G5; 2) the pressurization rate increased consecutively downstream 
from the crack entrance; and 3) the maximum pressure occurred in the 
interior of the crack. The time delay between the first discernible pressure 
rise at downstream locations and that at the crack entrance is caused by 
the finite time required for the hot product gases to travel from the entrance 
to the tip during initial pressurization. The increase in pressurization rate 
at downstream locations is caused by the gas accumulation inside the cavity 
and the product gases, which take time to leave the small opening port of 
the crack channel. 

The pressure trace at any location can be subdivided into three regions: 
1) the initial rapid pressurization region, which is controlled mainly by 
chamber operating conditions; 2) the slowly rising pressure region; and 
3) the depressurization region. The initial uprising portion of the pressure- 
time trace is quite linear. In most cases, the flame reaches the crack tip 
during the initial uprising portion of the pressure-time trace at the tip. 
Pressure in regions 2 and 3 is controlled by combustion and flow processes 
in the crack. As the burning of the propellant in the crack continues, the 
pressure in the cavity rises above that at the crack opening; later, this 
pressure difference causes the gases to flow out of the crack. Pressure in 
the crack continues to rise until the mass-flow rate of gases from the crack 
is greater than that generated by the burning of the propellant in the cavity. 
Since the pressure in this region is governed by combustion processes inside 
the crack, and because gauge G2 is located at the crack opening in the 
main chamber, the highest peak pressure occurs in the interior of the crack. 
Depressurization is caused by the increase in crack cavity volume, as well 
as by the enlargement of the crack opening. As shown by Kuo et al., 9 the 
predicted pressure-time traces at several stations inside the crack are in 
close agreement with experimental data. The comparison is omitted here 
due to space restrictions. 

Figure 4 shows a typical set of photographs of the ignition-front prop- 
agation in a crack. Instantaneous location of the ignition front x was ob- 
tained by analyzing the film of the ignition event on a motion picture 
analyzer. A least-square polynomial was fitted to the x-t data, and an 
analytic derivative of this curve was used to obtain the ignition-front 
propagation rate. This procedure made it possible to obtain flame-prop- 
agation rates form the measured ignition-front locations. Polynomials be- 
tween third and fifth order were used, and the polynomial with the best 
fit was chosen to represent the analytic function relating instantaneous 
flame-front location to time. 

The effect of chamber-pressurization rate on location and velocity of the 
ignition front for propellant B is shown in Fig. 5. The time required for 
the flame to propagate to a given axial location and the velocity of the 
ignition front at that location are plotted as a function of the nondimen- 
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Fig. 4 Ignition-front location for a typical crack test. 13 



sional axial coordinate for pressurization rates of 1.1 x 10 5 , 2.6 x 10 5 , 
and 4.2 x 10 5 atm/s. The time required for the flame to reach the crack 
tip is 836, 511, and 391 \x,s, respectively. That is, as the chamber pressur- 
ization rate increases, the ignition front propagates much more quickly 
into the crack because the rapidly increasing pressure in the chamber acts 
as the driving force for penetration of hot gases into the crack. This higher 
pressurization causes an increase in the velocity of the gas flowing into the 
crack, and results in a higher rate of heat transfer to the crack walls. 

It is interesting to note that, after the ignition front is created near the 
crack entrance, it accelerates, reaches a maximum, and then decelerates. 
Deceleration near the closed end is more pronounced with a higher pres- 
surization rate. At a low pressurization rate, the velocity remains relatively 
uniform over the bulk of the crack length. Initial acceleration is caused by 
the preheating by hot gases that precede the ignition front. Deceleration 
is believed to be caused by the closed-end effects. Deceleration of the 
ignition front is in agreement with the observation made by Taylor 15 con- 
cerning ignition of granular propellants with a closed-end boundary. 

Figure 6 shows the effect of gap width on maximum pressure within the 
crack cavity. It is clear that, as gap width is decreased, maximum pressure 
in the cavity increases within the range of gap width consideration. The 
maximum pressure in the crack cavity is determined by combustion and 
gas accumulation processes inside the crack. Since crack depths are iden- 
tical for all samples (25.4 mm), burning surface area remains constant, but 
the opening area of the crack and the volume of the crack gap decrease; 
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consequently, the burned gases cannot leave the crack cavity easily, and 
the maximum pressure is higher. 

In order to observe the front view of the flame-front propagation process, 
an alternative crack sample was also used. This also provided some sim- 
ulation of the gas penetration and ignition-front propagation processes into 
a debond region, which usually has only one reacting surface. It is useful 
to mention that, in the debond study of solid-propellant rocket motors, 
Jacobs et al. 1617 conducted pioneering investigations by considering the 
worst case of infinite flame-spreading rate. The propellant was doped with 
a highly flammable mixture of titanium and ammonium perchlorate (AP) 
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Fig. 6 Effect of crack-gap width on maximum pressure in crack. 



powder so that ignition under increased pressures could be safely assumed 
to approach that of instantaneous ignition over the entire surface. This 
ignition procedure was advantageous for comparison of the experimental 
results with a quasisteady theoretical model. The actual ignition and flame- 
spreading processes were neglected. Jacobs and his co-workers studied the 
pressure distribution in burning cracks that simulate the debond of solid 
propellant from the motor casing. Wedge-shaped channels with debond 
angles of 4.75, 3.17, and 1.90 deg were tested in a combustion chamber 
at various levels of prepressurization. Pressure measurements were ob- 
tained at three locations along the debond and at one location in the 
pressure chamber. They obtained some interesting results form the anal- 
ysis, which was coupled to deformation of the propellant grain and casing. 
Some of their grain deformation results are given in a later section. 

In the second configuration used by Kumar et al., 13,14 the crack was 
formed between a propellant slab and the sacrificial plexiglass window, 
i. e., one side of the crack was an inert, transparent, plexiglass window, 
and the other side was a propellant slab glued to a stainless-steel base plate. 
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The gap width of such a crack configuration was varied by the amount by 
which the propellant surface was recessed below the side-leg assembly. 
Propellant slabs for these tests were 183 mm long and 17.7 mm wide. Gap 
widths of the crack were varied between 0.43 and 1.5 mm. 

Figure 7 presents a sequence of pictures of tests performed on a narrow 
crack (455 |xm) of this alternate configuration (i. e., a crack formed between 
the propellant surface and the plexiglass window). It is interesting to note 
that, when the width of the crack gap is on the order of 500 jjim or smaller, 
partial closure of the crack occurs because of propellant deformation. Par- 
tial closure first appears as a dark region near the entrance. The dark 
region is believed to be the result of partial or full extinction of the local 
propellant surface in contact with the plexiglass window. As time pro- 
gresses, the closure region moves downstream, and a second partial closure 
region develops near the entrance. This process continues; at times, three 
or four such partial closures are observed simultaneously. Later, as the 
combustion process becomes more pronounced, the partial closure regions 
disappear as a result of both propellant regression and higher pressure in 
the crack cavity. The entire process is believed to be the result of defor- 
mations caused by high pressure acting on the propellant surface that is 
exposed to the chamber and by the complex interaction between propellant 
deformation and pressure distribution in the crack cavity. This implies that 
the coupling between chamber pressurization, crack combustion, and pro- 
pellant deformation is quite important, especially in the case of very narrow 
cracks. 

B. Coupling of Mechanical Deformation with Flame Spreading and 
Combustion in Propellant Cracks and Debond Regions 

Since most solid propellant is deformable, burning inside a solid-pro- 
pellant crack is basically a coupled solid mechanics and combustion phe- 
nomenon. Both burning rate and mechanical deformation are governed by 
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Fig. 7 Sequence of crack-gap closures. Framing rate = 36,700 pictures/s. 



(&AIAA 

HnWa^ffiiimihiiioipiimiaiilfAf Purchased from American Institute of Aeronautics and Astronautics 



478 K. K. KUO AND D. E. KOOKER 

pressures acting on the crack surfaces. Conversely, a change in gap width 
or geometry will cause variation of pressure distribution, which, in turn, 
will strongly influence deformations along the crack and stress concentra- 
tion at the crack tip. 

The model developed by Kuo et al. 9 was extended by Kumar and Kuo 14 
to consider more detailed coupling between mechanical deformation and 
combustion processes in propellant cracks and debond regions. The model 
was intended to predict the event before onset of crack propagation and/ 
or branching. The propellant was assumed to be represented by a linear 
viscoelastic material model; the material is assumed to be isothermal, ho- 
mogeneous, and isotropic. These assumptions are based on the fact that 
most of the solid propellants can be satisfactorily characterized by a vis- 
coelastic material model. 18 27 Even though the assumption of an isothermal 
condition for material response is not strictly accurate, it is a good ap- 
proximation since the thermal-wave penetration depth is less than 100 u,m. 

Mechanical deformation of the propellant was obtained by using a gen- 
eral-purpose structural analysis program, the nonlinear finite-element anal- 
ysis program (NFAP), 28 which is an extended version of the nonlinear 
structural analysis program (NONSAP). 29,30 Since NONSAP is well doc- 
umented and easily accessible, details of the numerical procedure used 
in NONSAP will not be repeated hcrc. NFAP was modified and Consoli- 
dated to suit the needs of studying the problem of coupled mechanical 
deformation and combustion. Three major features added to the nu- 
merical formulations are 1) modeling of the viscoelastic material behavior, 
2) simulation of the ablating boundary, and 3) treatment of the material 
response by an interpolation scheme. Details of this formulation can be 
found in Ref. 31. 

The general computation procedure is as follows. Pressure is calculated 
by the gasdynamics portion of the computer program at each nodai point 
on a one-dimensional grid along the length of the crack. The convective- 
burning analysis of the crack combustion incorporates the crack-geometry 
variation caused by both mechanical deformation and mass loss through 
gasification of the propellant surface. Once the gas-phase equations are 
solved, pressures and burning rates along the crack are calculated for a 
particular time /, and program control is transferred to the structural anal- 
ysis (NFAP) portion of the combined program. NFAP reformulates the 
geometry because of material loss and updates the stiffness matrix for the 
new time step. Surface elements of the finite-element mesh are loaded 
with the pressure obtained via the gas-phase equations. Propellant defor- 
mation is calculated in NFAP using a static analysis at time t. General 
stress-strain equations are solved using a plane-strain analysis; this is con- 
gruous to the experimental test configuration. The transient nature of the 
pressure loading is considered by a static analysis at incremental time steps. 

Figure 8 shows calculated pressure distributions at various times in a 
typical test case for propellant installed in the debond configuration with 
a relatively large gap width between the propellant surface and plexiglass 
window (8 = 0.89 mm). The average pressurization rate at the crack 
entrance was 1.75 x 10 5 atm/s. During the initial period, a traveling pres- 
sure wave is present in the crack cavity. This wave moves toward the crack 
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tip and is reflected from the tip, resulting in higher pressure near the tip 
at t = 0.6 ms. As time progresses, the overall pressure in the crack cavity 
continues to rise. This is the result of a combination of two simultaneous 
processes: 1) a continuous increase in chamber pressure during this period, 
and 2) mass addition due to burning of the crack walls. After about 0.8 
ms, pressure in the crack becomes more uniform because the rate of in- 
crease of chamber pressure has become quite small and the ignition front 
has propagated to the tip. It should be noted that, as time passes, maximum 
pressure in the crack cavity becomes higher than that in the chamber. 

Predicted velocity distributions at various times are plotted in Fig. 9. At 
t = 0.1 ms, velocity in the latter half of the crack is almost zero. Because 
the initial favorable pressure gradient causes the gas to accelerate, the gas 
velocity at any axial location increases continuously until t = 0.5 ms. The 
adverse pressure gradient generated by compression wave reflection at the 
crack tip causes the gases to decelerate. At 1.0 ms, velocity in the entire 
crack is negative, i. e. , gases flow out of the crack because pressure through- 
out the cavity is higher at that time than pressure in the chamber. 
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Non-dimensional Axial Distance, x/L 
Fig. 9 Calculated velocity distribution at various times. 

Variation in the port height (= half of the gap width) at various times 
is shown in Fig. 10. The initial geometry of the crack is indicated by the 
dashed line. Because of the rounding of the crack entrance, the gap width 
at the entrance is large. During the initial period, high chamber pressure 
acting on the crack surface exposed to the chamber causes the propellant 
near the crack entrance to be pushed inside, resulting in a decreased port 
height near the crack entrance at / = 0.2 ms. Later, at ; = 0.6 ms, there 
are two minimum gap widths; the second is caused by the deformation 
pattern associated with compression wave reflection in the gas phase (see 
Fig. 8). Deformation near the closed end is large because pressure near 
the crack tip is highest at t = 0.6 ms. As time progresses, pressure in the 
cavity exceeds that in the chamber, and the propellant continues to burn; 
the net result is an increase in port height throughout the crack at 1.0 ms. 

Figure 11 shows calculated pressure distributions at various times for a 
case in which propellant deformation becomes very important. For this 
case, the chamber pressurization rate was 5 x 10 5 atm/s and the initial gap 
width was 0.89 mm. Before 0.475 ms, the crack gap at the entrance is 
extremely small (partially closed). Pressure acting on the side wali exposed 
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Fig. 10 Calculated variations in port height. 



to the chamber and near the crack entrance causes the partial gap closure 
to move downstream. Area reduction and continued gasification result in 
a pressure peak near xlL = 0.17 (at 0.475 ms). At 0.5 ms, two regions of 
partial gap closures are obtained, resulting in pressure peaks at x/L = 0.1 
and 0.27. As the pressure peak moves downstream, another gap closure 
develops near the entrance at 0.525 ms. This type of process continues, as 
shown by the distributions at t = 0.525, 0.55, and 0.575 ms. The predicted 
movement of the partial gap closure is qualitatively very similar to that 
observed experimentally (see Fig. 7). 

Results obtained indicate that closure of the crack gap, which may occur 
initially at the crack entrance because of small gap widths and high chamber 
pressures, may propagate along the crack and result in local pressure peaks. 
The gap closure is not observed in cracks with large gap widths or at low 
chamber pressures because propellant deformation under these conditions 
is small and does not affect combustion substantially. Gap closures and 
resulting pressure peaks can strongly influence penetrative burning into 
cracks and, therefore may, contribute to DDT. 

Figure 12 shows the calculated results of Jacobs et al. 17 in terms of the 
cross-sectional view of the debond region as well as finite elements of the 
propellant grain and the casing of a rocket motor with an initial debond 
length of 28 cm. As a result of the flexibility of the motor case and pro- 
pellant grain, the mechanical deformations of both regions are clearly 
noticeable. For a longer debond length, they showed that the gas pressure 
generated in the debond zone could even cause closure of the opening 
zone due to mechanical deformation of the propellant grain and casing. 
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Fig. 11 Calculated pressure distributions at various times during crack-gap 
closure. 
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Fig. 12 Deformation of propellant grain and motor casing in debond region. 



This result is consistent with the findings of Kumar and Kuo. 14 A thorough 
review of structural analysis studies conducted in recent years in this area 
without the coupling to combustion process was given by Williams. 32 In- 
terested readers are encouraged to follow the historical development in 
solid mechanics analysis and codes presented in Ref. 32, 



C. Crack Propagation and Branching in the Damaged Zones of Solid 
Propellants 

Most of the earlier work on crack propagation was conducted in the 
USSR. 33-35 Using steady-state approximations and assuming the material 
to be elastobrittle, Kirsanova and Leipunskii 33 examined the mechanical 
stability of propellant cracks. A greatly improved analytical model for the 
same problem was formulated by Cherepanov. 34 The propellant material 
was assumed to be elastoplastic, and the deformation process was assumed 
to be quasistatic. However, Cherepanov did not solve the governing set 
of equations and, therefore, did not present any results. Belyaev et al. 35 
proposed modifications to the Kirsanova and Leipunskii model, pointing 
out some of its limitations. They noted that an elastobrittle material model 
cannot describe the viscoelastic character typical of solid propellants. 

Some of the earliest works in the U.S. on the critical nature of cracks 
and debonds were conducted by Jacobs et al. , 17 - 36,37 assuming instantaneous 
flame spreading throughout the crack for simulating the worst case. The 
propellant was considered to be linear viscoelastic. Other related studies 
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on crack combustion have been reported. 38-41 Takata and Wiedermann 40,41 
have been investigating initiation of detonation in a propellant crack by 
introducing the effect of stress wave interaction with the crack boundary, 
under the assumption that a foam layer is present on the propellant surface 
during combustion. The propellant was considered to be linear, isotropic, 
elastic material that does not yield or fail. 

Numerous studies, based purely on solid mechanics considerations (see, 
for example, Refs. 18-26), have been conducted on crack propagation. 
Ali are based on quasistatic crack propagation in viscoelastic material and 
use the concept of local energy dissipation at the crack tip. Some interesting 
work on dynamic crack propagation was conducted by Swanson. 27 How- 
ever, currently there is no complete theoretical model capable of realist- 
ically predicting stress concentrations at the tip of a burning crack, which 
is a necessary input for all crack-propagation theories. 

Crack propagation and branching in a burning composite propellant 
subjected to a broad range of rapid pressurization from 10 " 3 to 100 GPa/s 
were investigated recently by Kuo and co-workers. 42 43 In order to generate 
damage in propellant samples under different initial pressurization rates 
and in order to subsequently recover the samples for examination, a win- 
dowed chamber with the special features of rapid injection of high-tem- 
perature and high-pressure gases followed by controlled fast depressurization 
was designed, fabricated, and tested (see Fig. 13). 

When the main igniter is activated, the propellant sample is pressurized 
by high-pressure, high-temperature gases. These gases penetrate into the 
crack cavity, causing ignition, pressurization, mechanical deformation, and 
crack propagation and/or branching. The mass and the type of charge in 
the main igniter determine the pressurization rate the sample encounters 
and, consequently, the mode of crack propagation. 

To recover the propellant sample, the following procedure is used. When 
the pressure in the main chamber reaches a prescribed value, the timing 
control circuit activates primer No. 2, located in the depressurization cham- 
ber assembly (see Fig. 13). The product gases from the gas generator 
pressurize the free space between the two bursting diaphragms, causing 
them to rupture after a short delay. Rapid depressurization of the main 
chamber follows. The timing control circuit then activates primer No. 3, 
located in the nitrogen injection system. The product gases from this gen- 
erator drive the flying pin through the N 2 injection system diaphragm, 
allowing immediate introduction of low-temperature nitrogen into the main 
chamber for quenching. The time interval between activating primers No. 
2 and No. 3 is preselected. The fast change in chamber operating conditions 
leads the system to dynamic extinction 45 ' 46 and allows the sample to be 
recovered. Settings on the timing circuit device determine the peak cham- 
ber pressure and the depressurization rate. 

In some experiments, the depressurization chamber and the exit nozzle 
are replaced by a number of thin brass bursting diaphragms mounted di- 
rectly on the main chamber. The added area provided by removing the 
exit nozzle is sufficient to cause enough rapid depressurization for dynamic 
extinction. The peak chamber pressure and depressurization rate are con- 
trolled in this case by the strength of the bursting diaphragms. 
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Fig. 13 Schematic diagram of the test rig and control circuit for recovery of 
propellant samples during crack propagation and/or branching. 34 



The data acquisition system consists of two major parts — a pressure 
recording system and an event filming system. Pressure measurements are 
made using five piezoelectric transducers mounted on the main chamber 
against the rear surface of the propellant at the following locations (see 
Fig. 13): 1) crack cavity entrance (Gl), 2) initial crack-tip region (G2), 
3) center of the sample beyond the initial crack tip (G3), 4) upper cavity 
(G4), and 5) lower cavity (G5). Pressure signals from the transducers are 
amplified by charge amplifiers and captured by a transient waveform re- 
corder. A high-speed 16-mm motion picture camera capable of a framing 
rate of 44,000 pictures/s is used to film the event through the observation 
ports of the window retainer. 

Depending on the initial pressurization rate, four distinct modes of struc- 
tural damage (modes A, B, C, and D) at the tip region were observed. 
The first, mode A, corresponds to very low dP/dt (much less than 1 GPa/ 
s) and involves no mechanical damage. Displacement of the crack tip is 
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due solely to recession of the propellant surface by burning. Under this 
condition, an existing crack will not cause any major departure from normal 
operating conditions. The upper limit of the pressurization rate for this 
mode depends on propellant formulation, confinement state, and initial 
conditions. Since this represents the normal or trivial case of crack prop- 
agation, no extensive investigation into the area was conducted. 

At low pressurization rates, as measured at the entrance of the crack 
cavity (on the order of 1.4-15 GPa/s), single-crack propagation was ob- 
served. Detailed descriptions of the high-speed film are given in Ref. 43. 
Examination of the recovered sample reveals that under these conditions 
the existing crack is extended in the direction of its initial configuration, 
as shown in Fig. 14a. Denoted as mode B, the characteristic nature is such 
that the damage generated by the loading is restricted to the crack boundary 
and does not greatly affect the overall integrity of the propellant. 

At intermediate pressurization rates, single-crack propagation can be 
initiated and followed by local branching at various axial locations (see 
Fig. 14b). The damage generated in mode C is much more extensive than 
that in mode B. The recovered propellant sample surface and crack cavity 
legs are marked by numerous erosion ditches. The surface roughness is 
believed to be the result of high-pressure, high-temperature gases produced 
near the crack-tip region. These gases erode the propellant surface and 
legs as they exit the high-pressure zone. The total specific surface area 
crated in mode C is clearly higher than that of mode B. 

Mode D crack branching involves the development of multiple cracks 
originating from a central point. Crack branches emanate from this com- 
mon point and propagate in different directions. This mode can be sub- 
divided into two groups (modes Dj and D 2 ), depending on the number of 
major crack branches. Mode Dj is associated with fewer branches, some- 
times only two, in which case it may be called bifurcation (see Fig. 14c). 
Mode D 2 is associated with numerous branches (see Fig. 14d). 

To gain some insight into the mode of failure of the propellant sample, 
the finite-element results were analyzed in conjunction with a typical pro- 
pellant grain failure criterion. An experimentally derived failure envelope, 
based on the maximum principal deviatoric stress and the corresponding 
strain, is a common criterion for determining a loading-rate independent 
failure of solid-propellant grains subjected to internal pressurization. Ac- 
cording to this criterion, the propellant will begin to crack at the surface 
near a point where stress and strain states exceed the boundary of the 
envelope. In consideration of failure criteria, two different sets of param- 
eters are usually employed: 1) failure is dependent on attainment of a 
critical deviatoric stress and not on hoop or maximum principal stress; and 
2) the criterion is based on the level of the combined states of stress and 
strain. 

A set of calculated deviatoric stress contours 42 near the crack-tip region 
is shown in Fig. 15. This plot clearly shows that the maximum deviatoric 
stress concentration is near the shoulder of the crack-tip radius. Four lo- 
cations on the crack radius are indicated on the figure as points P 1 , P 2 , P 3 , 
and P 4 . A plot of the maximum deviatoric stress vs the corresponding 
strains for these four points is shown in Fig. 16. It can be seen that the 
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c) Mode Dj crack branching d) Mode D, crack branching 



Fig. 14 Recovered propellant samples showing various modes of damage. 
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CRACK TIP 




Fig. 15 Isopleths for deviatoric stresses in region near the crack tip. 

maximum deviatoric stress occurs at P 4 , on the shoulder of the crack tip, 
not at Pj. In addition, the maximum strain occurs at P 3 . This implies that, 
for the geometry and load conditions modeled by the finite-element anal- 
ysis, the most likely area for failure would be in the vicinity of P 3 and P 4 , 
not at the crack tip. 

Film records of test firings with branched mode D 1 or D 2 show rapid 
changes in crack contours. A typical change from triangular to jagged 
contour is shown in Fig. 17. The uneven multiple front of the luminous 
crack-tip region suggests the crack branching from the shoulder areas men- 
tioned earlier. 

Several important questions to be answered in the crack-propagation 
and branching study are: What are the key dimensionless parameters gov- 
erning this physicochemical process? How should the degree of propellant 
damage be represented by a set of dependent dimensionless parameters? 
What are the functional relationships between the dependent parameters 
and driving (governing) dimensionless parameters? How does the crack- 
propagation velocity depend on the chamber pressurization rate? And is 
the crack velocity for a single crack slower than those of multicracks? Some 
of these questions are still unanswered. 
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Fig. 16 Maximum deviatoric stress vs corresponding strain for crack-tip 
elements at a pressure of 5.17 MPa. 



A plot of steady-state crack-propagation velocity, crack-propagation ini- 
tiation time, and number of major crack branches vs pressurization rate 
at the crack opening 44 is shown in Fig. 18. The steady-state crack-propa- 
gation velocity was determined by Kuo and Moreci 44 from the best linear 
fit of the data after attainment of relatively constant crack-front displace- 
ment. It is clear that for single-crack propagation (mode B), the steady- 
state crack-front velocity V p ss increased linearly with dP/dt. At a pressur- 
ization rate of approximately 15 GPa/s, the energy input from the driving 
motor is greater than the maximum dissipation rate for a single propagating 
crack. Consequently, a transition to a new failure mechanism becomes 
apparent. In this transition region, either mode C or D may occur. With 
the existence of multiple cracks, the crack-front velocity can be less than 
that of a single crack; multiple cracks propagating at a slower speed can 
dissipate higher amounts of energy compared with a single crack propa- 
gating at a faster rate. 

The shaded region shown in Fig. 18a represents a range of variations of 
V p-ss with dP/dt. This variation is caused by uncertainties of material prop- 
erties and geometric factors near the damaged zone. Multiple cracks orig- 
inate at very high pressurization rates, indicating that critical stress for 
fracture occurred simultaneously at many points in the same local area. 
With the existence of multiple branches, crack-front velocity decreases 
slightly as the initial pressurization rate increases. However, if the pres- 
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Fig. 17 Instantaneous mode D! crack-front contours traced from a high-speed 
movie at filming rate = 1600 pps. 35 



surization rate is increased beyond the maximum value tested, V p ss may 
again begin to increase. 

Figure 18b illustrates the time delay for onset of crack propagation and 
branching as a function of initial pressurization rate. As expected, the time 
delay associated with single-crack propagation is longer than those for 
modes C and D. With increasing pressurization rate and, hence, energy 
input rate to the propellant, the delay time decreases for all modes. 

The number of observed macrocracks n as a function of initial pressur- 
ization rate is given in Fig. 18c. As expected for single-crack propagation, 
n is unity up to the transition point. After the transition point, n varies 
depending on the mode of damage and uncertainties mentioned earlier. 
The number of cracks produced is predominately a function of energy 
input rate and maximum dissipation rate of a single crack. The energy 
dissipation rate is dependent on the product of the number of cracks and 
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Fig. 18 Effect of chamber pressurization rate on a) steady-state crack- 
propagation speed, b) time delay for onset on crack propagation, and c) numbcr 
of cracks. 
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crack-front velocity. Since there are many possible combinations of n and 
V bss for a given energy dissipation rate, there is an envelope of possible 
values of n after the transition point. 

Based on the initial analysis of Kuo and Moreci 44 and a recent extension 
by Kuo et al., 47 the dependent dimensionless parameters were found to be 

_ L d _ length of extended macrocrack 
A a 0 length of initial crack 

2nbV n rate ofincreaseof crack surface area 
B V p IA s rate ofincreaseof cross-sectional 
area in affected region 

tt c = n = number of macrocracks with length L d and depth b (3) 

_ _ crack-propagation velocity 
D r b burning rate of main propellant 

where V p is the crack-propagation velocity, b the thickness of the crack 
sample, and A s the specific surface area of the affected zone. The driving 
dimensionless parameters were determined as 

thermal energy input from 
EreihpP P r bA s TrL d _ propellant product gases 
K} lc {\ — v 2 )V p work required for energy 
change in crack propagation 

rate of change of pressure force exerted 
[dP/dt] L?j} _ on crack surface 

K lc r b (critical stress required for fracture) x (rate 
of increase of flow area in damaged zone) 

where L d is the length of the extended crack due to propagation, r b the 
propellant burning rate, h p the enthalpy of the propellant product gases 
at the adiabatic flame temperature, E Kf the relaxation modulus at a ref- 
erence condition, v the Poisson's ratio, and K lc the fracture toughness. 
Besides n E and tt^, the geometric factors 4», and \\s a (the inner and outer 
angles of slanted surfaces of the crack sample with respect to the center 
plane) and the propellant time-shift factor a T can also affect the degree of 
damage. Therefore, it is anticipated that the dependent parameters tt a and 
tt d could be written as 

tia = Ha(t*e, t*f> tyh ^o, a T ) (7) 
= ii b (tt e , tt f , fy h \\f a , a T ) (8) 
ttc = ^c(^e, iTf, *\>h ty», a T ) (9) 



= ^d(^e, Vf, tyo, «r) 



(10) 
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The preceding dimensionless parameters deduced from the analysis given 
in Refs. 46 and 47 can be used to provide some guidelines concerning the 
cause-and-effect relationships of the thermal and mechanical energy inputs 
to a propellant sample, with included flaws and the resultant damage pro- 
duced in the sample. With more complete data in the future, the functional 
relationships given in Eqs. (7-10) can also be determined, These rela- 
tionships should be very useful in describing the crack-propagation and 
branching characteristics of burning solid propellants. 

D. Future Work Required in the Crack-Combustion and Fracture 
Areas 

Although significant progress has been made in recent years, many un- 
solved problems and unfinished work items still need to be addressed. 
Some of the more important ones are listed as follows: 

1) Development of a transient debond analysis. 

2) Recovery of more damaged propellant samples that have undergone 
transient burning and fracture. These data can be used to develop a set of 
reliable correlations describing the degree of damage as functions of energy 
stimuli. 

3) Establishment of crack-propagation and branching criteria for various 
propellants used in practical propulsion systems. 

4) Incorporation of these crack-propagation and branching criteria into 
the crack-combustion/structural analysis code. 

5) X-ray radiography study of the crack-propagation and branching phe- 
nomena in various damaged grains. 

6) Integration of a crack-combustion and debond computer program, 
development of a three-dimensional structural analysis code, and a rocket 
performance prediction analysis program for risk assessment of perform- 
ance of damaged rocket propellant grain. 

7) Establishment of a safe operating domain for various types of dam- 
aged propellant grains. 

III. Transient Combustion and Intragranular Stress Waves: 
Granular Propellant 

A. Implications of Granular Propellant 

The discussion in Sec. II was devoted to combustion behavior resulting 
from the presence of a macrocrack (or a branched system of cracks) within 
a large, solid grain that otherwise retains its mechanical integrity. However, 
if the solid energetic material is unable to maintain its structural integrity, 
the combustion response can undergo significant changes. Rocket motors 
are designed to operate in a certain pressure range based on a particular 
grain shape and assumed regression pattern. Using similar principles, an 
artillery combustion chamber is deliberately loaded with small propellant 
grains to achieve increased burning surface area, which then creates the 
high pressures required to launch the projectile. If either the large rocket 
motor grain or the small gun propellant grains are subjected to impact or 
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rough handling before or during combustion, the propellant may sustain 
substantial internal damage or complete failure. For example, a rocket 
motor case rupture at operating pressure results in a release wave that 
places the propellant grain in tension, or excessive ullage in the gun com- 
bustion chamber may allow the propellant grains to slide forward and strike 
the base of the projectile. Whenever the fracture or granulation is acci- 
dental and, hence, unanticipated, the resultant combustion response can 
lead to disaster. 

1. Fundamental Changes in Propagation of Combustion 

To understand how combustion is altered in a granular system, consider 
first the idealized one-dimensional combustion of homogeneous solid pro- 
pellant. In its simplest form, steady deflagration consists of a gas-phase 
flame zone anchored to the regressing solid surface. Of course, a portion 
of the energy released in the flame zone and in reaction at the surface 
propagates by conduction into the cold solid as a thermal wave. This "layer- 
by-layer" process is self-sustaining as the temperature of the solid near the 
surface continuously achieves some minimum range to begin gasification 
and reaction. Under transient conditions, the rate-controlling step is often 
the adjustment time of this thermal wave, which propagates by Fourier 
heat conduction. However, heat conduction is a diffusion-controlled proc- 
ess and, therefore, is rather slow; typical propellant burning rates are on 
the order of a few centimeters per second. 

Another mechanism of energy transfer is possible when the propellant 
material is in granular form. An aggregate of granular material will contain 
a distribution of porosity, i. e., a network of pores and void space not 
occupied by solid material. Unless the aggregate is compressed near the- 
oretical maximum density (TMD), i. e., its voidless density, gases driven 
by a sufficient pressure gradient will flow into and through these internal 
passages. Thus, if a column of granular propellant under suitable confine- 
ment is ignited at one end, the rising pressure field will begin forcing hot 
combustion product gases into the unburned porous aggregate. Energy will 
be transferred to the internally exposed surface of the cold solid material 
by convection. The ignition front will propagate at a rate proportional to 
that of the convective flow rate, which can vary up to hundreds of meters 
per second. 

Figure 61 in Ref. 48 (p. 112) clearly shows the increase in mass burning 
rate of granular pentaerythritol tetranitrate (PETN) (20 (xm-diam grains) 
as the sample density is decreased from near TMD. In addition to this 
increased ignition rate, the internal burning surface area of the aggregate 
can be orders of magnitude greater than the geometrical cross-sectional 
area. The combined effects lead to a rapidly rising pressure field within 
the confinement. Except in special laboratory situations, the process is 
inherently unsteady. Convective flame propagation into a porous aggregate 
of granular material is often called convective combustion, but possibly a 
better description would be penetrative combustion to avoid confusion 
with the process of erosive burning of a rocket motor grain. 
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2. Accelerating DeflagrationIOrigin of Stress Waves 

A combustion front propagated by convective heat transfer does not 
achieve the ultimate speed possible in granular energetic material. Under- 
standing the next stage begins with an examination of the classical Hugoniot 
diagram (see, for example, p. 28 of Ref. 49), which illustrates the change 
in end-state conditions across steady exothermic waves. Note that, for the 
deflagration branch, the static pressure must decrease across the wave as 
high-temperature combustion products exit with increased velocity; hence, 
the static pressure in the unburned material is greater than that in the 
burned material. The consequences are important in a transient situation. 
Momentum conservation across an accelerating deflagration requires the 
formation of a compressive wave system that must propagate ahead of the 
deflagration. Thus, the unburned material consumed by the accelerating 
deflagration is not necessarily at its initial state; it has been subjected to 
the compressive precursor wave system. Although this behavior is inde- 
pendent of the type of medium (gas or solid), it is easier to illustrate 
experimentally in a gas-phase medium. Figure 19 is a streak schlieren 




METERS 

Fig. 19 Streak schlieren of accelerating deflagration in stoichiometric hydrogen/ 
oxygen at Standard temperature and pressure. Note compression waves generated 
by flame acceleration from 0 to 0.5 ms. 50 
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photograph 50 of an accelerating deflagration in stoichiometric hydrogen/ 
oxygen initially at atmospheric pressure. Clearly visible in the photograph 
is the system of compression waves propagating ahead of the curved flame 
path (flame is accelerating from 0 to 0.5 ms). In a sense, this transient 
deflagration wave acts like a piston that is driven into the unburned 
material. 

Figure 19 also illustrates another important property of the compressive 
wave system created by the accelerating deflagration. Since small-ampli- 
tude changes in stress propagate at the local sound speed, each incremental 
increase in the imposed stress level will propagate at a faster speed (prop- 
agation speed increases with pressure for all materials of interest here). 
Thus, successive compression waves can coalesce (see Fig. 19) and could 
form a shock wave in the unburned material ahead of the deflagration. 
Obviously, a shock wave can propagate large increases in stress level at 
speeds much faster than the local sound speed in the virgin material. 

3. Ignition by Stress WaveslChange in Mechanism 

Although important questions about sound speed and the state of stress 
in a granular material have not been addressed yet, consider the impli- 
cations of the precursor wave system on the transient combustion process. 
Given an adequate burning rate and internal surface area, confined com- 
bustion of the end-ignited column of granular propellant creates a rapidly 
increasing pressure field that will propagate into the unburned material as 
a system of strong compressive waves. 

This sets off a chain of events that can be self-reinforcing. The unburned 
aggregate is forced to adjust to increasing stress states characterized by 
decreasing porosity (increasing solid volume fraction) which decreases 
permeability of the aggregate and restricts the propagation rate of the 
convective flame following behind. This enhances the rate at which pressure 
increases in the combustion zone, which strengthens the driving mechanism 
for the compressive wave system. At sufficient strength, the compressive 
wave system may begin to ignite the granular material by mechanical 
compression at a high strain rate. This is a crucial point: unburned material 
that has not felt the high temperature of the gaseous convective flame can 
be ignited by mechanical compression at a high strain rate. Thus, another 
ignition mechanism is possible. Furthermore, this ignition mechanism is 
"wave controlled," i. e., it propagates as a large-amplitude stress wave and 
is not constrained by the limitations of convective heat transfer. 

The influence of strain rate is important and deserves further explana- 
tion. A compaction wave forces the granular aggregate to absorb an abrupt 
decrease in porosity (or increase in solid volume fraction). The time interval 
over which this occurs is proportional to wave thickness divided by prop- 
agation speed. Thus, a given compaction wave imposes a certain maximum 
compressive strain rate on the material that passes through it. As the 
strength of the wave increases (or its thickness decreases), it is unlikely 
that the energy associated with compressive work can be deposited uni- 
formly throughout the aggregate, as might occur in a homogeneous solid. 
Furthermore, compaction of an aggregate of granular material involves 
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microscale physical processes that are not present in a homogeneous solid. 
Compaction of the granular aggregate includes 1) compression of the solid 
grains themselves (usually rate independent), and 2) elimination of po- 
rosity by local grain sliding, fracture, and lattice rearrangement. These 
latter processes can indeed be rate dependent. As a result of 2), com- 
pressive work done at high strain rates will concentrate energy in thin zones 
near grain boundaries or in other regions of material weakness (e. g., shear 
bands). Since heat conduction to the surrounding cold solid requires a 
certain amount of time, small amounts of solid material remain at elevated 
temperatures and may being to react. Hence, mechanical work of compres- 
sion conducted at a strain rate greater than some critical value can lead to 
ignition. Conversely, compaction waves that induce strain rates below this 
critical value propagate benignly through the aggregate. 

The consequences of strain rate can be dramatic. Compaction of Class 
D HMX 51 to 180 MPa at a volume strain rate of approximately 0.01/s 
produces nothing more than a dense aggregate (about 96% TMD). Com- 
paction of Class D HMX 52 to roughly the same stress level but at a strain 
rate greater than 1000/s results in a detonation. Mohan et al. 53 have noted 
that a mixture of l,3,5-triamino-2,4,6-trinitrobenzene (TATB) and AP, 
which was completely insensitive to impact from a drop weight test, easily 
ignited under the same conditions when porosity (in the form of hollow 
glass microspheres) was introduced into the mixture. In further work 54 on 
the sensitivity of high-density (near-TMD) explosives, Field and co-workers 
observed that impact-induced ignition occurred just after formation of 
shear bands (twinning) in HMX crystals. 

Note that reaction of granular material induced by a strong compaction 
wave (sometimes called compressive reaction) is independent of the origin 
of the compaction wave. The important implication is that impact on con- 
fined but quiescent granular material 52 55 " 58 can begin a reaction that tran- 
sits to detonation. Convective flame propagation is not a prerequisite. In 
the area of shock-to-detonation transition (SDT), Setchell has studied the 
influence of the shape of the impact wave 59 and the effect of precursor 
waves 60 on shock initiation of granular explosives. The idea of a critical 
energy threshold in shock initiation is discussed by Howe et al. 61 

4. Hazard of Deflagration-to-Detonation Transition 

The sequence of events where an accelerating deflagration culminates 
in a detonation is referred to as DDT. It should be emphasized that a 
detonation wave is not simply a convective flame that has achieved a 
propagation rate of 4-8 km/s. DDT in granular energetic material involves 
a transition in the ignition mechanism, from one controlled by convective 
heat transfer to one propagated by a shock wave that ignites by mechanical 
compression at a high strain rate. Clearly, the mechanical properties as- 
sociated with the granular aggregate play a substantial role in the complex 
DDT process. However, the final outcome is the result of competition 
among several coupled nonlinear processes, including stress wave propa- 
gation, permeability or flow rate of combustion products through the com- 
pressed aggregated, sensitivity to compressive ignition, and growth of 
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reaction. Although DDT is a fascinating subject area, a proper treatment 
is beyond the scope of this chapter. For more detail, see the extensive 
monograph by Belyaev et al. 48 and the excellent review by Bernecker. 62 

B. Experimental Evidence and Comments on Theory 

When viewed collectively, data from both DDT and SDT experiments 
suggest that the latter stages of the transition to detonation in granular 
energetic material are essentially independent of the stimulus, whether 
from hot gas ignition or projectile impact. Stress wave propagation appears 
to play the crucial role. The prerequisite for a successful transition is the 
formation and maintenance of a strong compressive wave that ignites un- 
burned material in its path. To gain a better understanding of the behavior 
of granular material under compaction, this section will look at typical data 
from a quasistatic compaction experiment 63 and then examine dynamic 
compaction results from a representative impact experiment. 52 

1. Quasistatic Compaction 

The quasistatic compaction behavior of the aggregate formed from var- 
ious granular materials is typically obtained in a double piston-in-cylinder 
apparatus such as that shown in Fig. 20. The illustrated apparatus is that 
of Elban, 63 who based the design on earlier work of Kuo et al. 64 and others. 
Confinement is provide by a thick-wall cylindrical steel mold (25.4-mm 
i. d.), whose internal dimension matches that of the impact experiments 
discussed in Section III. B. 2. A 15-g sample is compressed in uniaxial strain 
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Fig. 20 Schematic of double piston-in-cylinder apparatus used to obtain 
quasistatic compaction data for granular material. 51 
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by the top ram driven at 10-20 cm/min toward the passive bottom ram. 
Measurements include the force applied to the top ram (F a ), the force 
transmitted to the bottom ram (F t ), and the instantaneous distance (L s ) 
between the platens that determines sample volume. A recent update of 
the apparatus includes a midpoint strain gauge on the cylindrical mold to 
estimate the radial stress component. 

Based on Kuo's 64 original analysis, the data are interpreted as 

t,. = 0.5 (F. + F,)/(A*,) (H) 

t wp P wp = (F a - F,)/L s (12) 

where L s is the current length of the sample, A the cross-sectional area, 
s s the solid volume fraction (= solid volume/total volume), t, the intra- 
granular stress, r wp the wali boundary stress, and P wp the wali boundary 
parameter wetted by the aggregate. 

Equation (11) represents an average value of axial stress supported by 
the solid-phase portion of the compressed aggregate and has been labeled 
t,-, the "intragranular stress." This should not be confused with the local 
stress at grain-to-grain contact points within the aggregate, which could 
have a value much larger than Eq. (11). The "loss" represented by Eq. 
(12) is assigned to wali friction and denoted as the product of a wali 
boundary stress t and the length of perimeter P wp wetted by the aggregate, 
neither of which can be determined separately. If the solid volume fraction 
e s is obtained merely from the change in volume of the cylindrical chamber, 
then compressibility of the solid phase itself is being neglected. Particularly 
at higher stress levels, this introduces an undesirable error. An alternative 
way to interpret the data is based on mixture stress: 

Xax = T . Ej = 0.5 (F a + F,)/A (13) 

This will be a function of mixture density (from the volume measurement). 
Obviously then, comparison of theory and experiment requires the theo- 
retical values of mixture density to account for solid-phase compressibility. 
Unfortunately, measurements of TMD as a function of pressure are not 
available for all propellants of interest. 

Two examples illustrate how material properties can influence quasistatic 
compaction behavior. The first 63 is Olin TS-3660 double-base ball powder 
[nominally 12% nitroglycerin (NG) in nitrocellulose (NC)], which has nearly 
spherical grains (about 70-|xm diam). Figure 21 is a plot of the intragranular 
stress and wali friction parameter [see Eqs. (11) and (12)] vs a "%TMD," 
which is 100 times the ratio of sample density to TMD at atmospheric 
pressure (1.64 g/cm 3 in this case). Note that the wali friction parameter is 
approximately an order of magnitude less than the intragranular stress, a 
trend of most materials. Compaction of TS-3660 is accompanied by pro- 
gressively greater permanent plastic deformation and distortion of the orig- 
inal spherical grains, as clearly shown in Fig. 22. No cracking or particle 
fracture was observed at the level of magnification used. The second example 51 
is based on a narrow sieve cut (average diameter of 925 \xm) from Class 
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Fig. 21 Quasistatic compaction data for Olin TS-3660 ball powder. Plotted as 
intragranular stress and wali friction parameter vs % TMI).* 3 (Here % TMI) = 
100 times mixture density/voidless density at atmospheric pressure.) 



D HMX, which is a brittle crystalline material. Compaction data obtained 
with the same apparatus are shown in Fig. 23, again as intragranular stress 
vs "%TMD." The shapes of these curves are different than TS-3660, and 
the local micromechanies of compaction involve substantial fraeture — at 
applied external stress as low as 1 MPa. This is clearly shown in Fig. 24. 

Elban and Chiarito 51 observed widespread fraeture and weakly bonded 
agglomeration at stress levels between 1 and 10 MPa. Those samples pressed 
above 10 MPa were recovered intaet, which makes assessment of local 
grain size difficult. The important message here is that the charaeteristie 
partiele diameter of a brittle granular material such as HMX changes under 
the compressive load and may bear little resemblance to the initial grain 
size. And, quite obviously, partiele-partiele stresses have been greater than 
the failure strength of the material. Additional work 66 with various sieve 
cuts from Class D HMX has also shown the existence of a history effect 
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Fig. 22 Olin TS-3660 ball power samples after unloading from compaction to 
indicated value of applied stress. Photographs a-f correspond to labelled points 
on compaction curve in Fig. 21. 
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Fig. 23 Quasistatic compaction data for No. 20 sieve cut (average diameter = 
925 p) from Class D HMX. Plotted as intragranular stress vs % TMD. 51 
(% TMD = 100 times mixture density /voidless density at atmospheric pressure.) 



traceable to the initial particle diameter, i. e., aggregates formed from 
smaller diameter particles rcquire a greater stress level to compact to the 
same %TMD. 

2. High-Strain-Rate Compaction 

Questions about the influence of dynamic compaction become a central 
issue when considering the environment created by the DDT and SDT 
experiments. Sandusky et al. 52,55,56 have undertaken a systematic investi- 
gation with their piston-driven compaction (PDC) apparatus shown in Fig. 
25. The device uses a powder gun to drive a cylindrical Lexan projectile 
(25.4-mm diam and 304-mm long) into a quiescent granular bed of the 
same diameter. Confinement can vary from a thick-wall Lexan tube, to a 
thin-wall aluminum tube stiffened externally, to a heavy-wall steel tube. 

With the Lexan confinement, flash radiography at successive times de- 
termines the motion of thin tracer wires seeded into the original bed; this 
provides estimates of compaction wave speed and density. Additionally, 
a streak camera observes the path of luminous fronts. With the heavy-wall 
steel confinement, microwave interferometry looking through the down 
stream end of the tube toward the impacted end gives a continuous record 
of the motion of any strong compaction front. In all cases, projectile motion 
after impact follows from the position of scribe lines on the projectile body 
photographed through a slot in the extension of the barrel. In the early 
experiments, pressure in the compacted aggregate could only be estimated 
from the Hugoniot jump conditions (using measured values of particle 
velocity and compaction wave speed); later experiments employed wall- 
mounted transducers. The stress field imposed on the aggregate is nearly 
uniform for approximately 200 (xs after impact, based on wave travel time 
in the 300-mm-long projectile. 
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■ ^ J 1000 
a) fj a = 0.834 MPa (57.9% TMD) 




b) a a = 1.01 MPa (58.1% TMD) 




c) a a = 1.07 MPa (58.5% TMD) 



Fig. 24 No. 20 sieve cut (average diameter = 925 \x.m) samples of HMX after 
unloading from compaction to indicated values of appiied stress. Note widespread 
fraction at 1.07 MPa. 51 
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Fig. 25 Schematic of modified piston-driven compaction apparatus used to study 
dynamic compaction of granular material. 56 



Increasing the initial velocity of the projectile in the PDC experiment 
means that the confined but quiescent granular material is subjected to an 
increasing amplitude compaction wave that imposes a higher strain rate. 
The rate of propagation of this wave can change dramatically, and material 
properties will influence the sensitivity. The material denoted TS-3659 
(similar to TS-3660) is double-base ball propellant (nominally, 21.5% NG 
in NC) shaped as spherical grains with a diameter of 434 |j,m. Figure 26 
displays the results 56 generated by projectile impact at 300 m/s (216 m/s 
just after impact) on 60% TMD material confined in the 146.8-mm-long 
steel tube. After propagating at approximately 560 m/s for 50 mm, the 
compaction wave smoothly accelerates to speeds greater than 2 km/s. The 
"driving force" here is energy released in the compacted aggregate from 
a combustion process initiated by the initial compaction wave. 
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Fig. 26 Compaction wave locus from piston-driven compaction experiment. S6 
300-m/s impact on 60.1% TMD TS-3659 ball propellant confined in 146.8-mm 
steel tube. Compaction front accelerates to more than 2 km/s. 



Similar results 52 are illustrated in Fig. 27 for a 73% TMD Class D HMX 
confined in the 140-mm Lexan tube. The solid lines in Fig. 27 (except those 
marked "end of piston") show the path of a luminous front created by the 
effects of the leading compaction wave (dashed line). Doubling the initial 
velocity of the projectile from 125 to 267 m/s means the difference between 
a slightly reactive wave propagating at 630 m/s (Fig. 27a) and a high-order 
detonation (Fig. 27b). In the latter case, acceleration is rather abrupt. PDC 
experiments in the Lexan tube have shown that the first appearance of 
visible light usually occurs in the compacted aggregate adjacent to the 
projectile face, i. e., material that has been subjected to the compacted 
state for the longest time. Although stress or pressure in the aggregate was 
not measured in the early experiments, let t, be an intragranular stress 
defined as the Hugoniot pressure divided by the ratio of compacted density 
to TMD at atmospheric pressure. Then if At represents the time interval 
after impact before the appearance of light, Sandusky and Bernecker 52 
found the correlation 

t? At = const 

as illustrated in Fig. 28. Two values of the "constant" seem to distinguish 
high-energy propellants from secondary explosives. 

Comparisons with the quasistatic data have been made on the basis of 
intragranular stress, which for the PDC experiment is the computed quan- 
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Fig. 27 Distance-time data from piston-driven compaction experiment." on 73% 
TMD Class D HMX confined in 140-mm Lexan tube. Solid line is path of 
luminous front (except for projectile path as labelled); dashed line is compaction 
front. 



tity mentioned previously. Figure 29 shows such a comparison 56 for TS- 
3659, initially at 60% TMD, between values of the axial and radial stress 
components determined by the quasistatic compaction experiment (dis- 
cussed earlier) with estimates of the early stress state seen in three PDC 
impact experiments. 56 Clearly, there is a pronounced "dynamic" effect, 
i. e., compaction at a high strain rate encounters increased resistance to 
eliminating porosity. Possible explanations include 1) a rate-dependent 
material response of the aggregate, and/or 2) noninert impact-generated 
compaction waves. 67 On the latter point, the high strain-rate within the 
compaction front may induce partial reaction of the solid material pro- 
ducing combustion gas products trapped in the porosity, and the resultant 
gas pressure would stiffen the aggregate and allow it to support an increased 
stress state and faster wave speeds. 

With reference to high strain-rate compaction of a brittle material, Dick 58 
describes an experiment in which a shock wave from a plane-wave lens 
strikes a sample of 65% TMD Class A HMX (150-fj.m mean particle di- 
ameter). The results indicate that sample compaction did not reach TMD 
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Fig. 28 Intragranular stress vs time interval after impact before appearance of 
luminosity. Data from piston-driven compaction experiment. 52 t^orrelation for 
high-energy propellants shows more sensitivity than explosives. (Intragranular 
stress is computed as Hugoniot pressure divided by ratio of mixture density to 
TMD at atmospheric pressure.) 



even at shock pressures of 2 GPa, which again raises the question of 
significant dynamic effects. Dick 68 suggests that the HMX grains begin to 
react under these shock loading conditions and that the evolving combus- 
tion gases pressurize the interior of the aggregate to prevent further collapse 
or particle rearrangement. This highlights the difficult problem in energetic 
materials of separating the influence of compressive ignition/pyrolysis and 
subsequent gas evolution from rate-dependent constitutive behavior. 

Some insight into constitutive behavior at a high strain rate (without 
reaction) may be provided by the speed of propagation of a small-ampli- 
tude, high-frequency sound wave. Costantino and Ornellas 69 have mea- 
sured the time of flight for a 1-MHz signal to travel the length of a cylindrical 
sample in both longitudinal and transverse shear modes. The sample was 
composed of granular solids in approximately 5% wax binder. If these data 
are interpreted as elastic waves, then the usual relationship between a 
longitudinal and a transverse shear modulus can be used to estimate a bulk 
mode sound speed, which is plotted in Fig. 30. Changes in density of the 
compressed aggregate can involve adjustments in porosity as well as 
compression of the solid-phase material itself . If the pore collapse or grain 
rearrangement is rate dependent, a small-amplitude disturbance at very 
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Fig. 29 Compaction of quasistatic stress state (axial and radial components) to 
intragranular stress deduced from piston-driven compaction experiment. 56 
Material is TS-3659 ball propellant at 60% TMD. (Intragranular stress for PDC 
experiment is computed as Hugoniot pressure divided by ratio of mixture density 
to TMD at atmospheric pressure.) 



high frequency will momentarily "lock" the porosity distribution, and the 
only density changes will be those of the solid phase. This idealization leads 
to the frozen sound speed, which is an upper limit. The lower limit, equally 
idealized, assumes a disturbance with a vanishingly small frequency that 
allows the porosity distribution to adjust fully to each change in stress level. 
When porosity always maintains its equilibrium value, the associated prop- 
agation speed is called the equilibrium sound speed. 

A comparison 70 is illustrated in Fig. 30, where the solid line is the frozen 
speed and the dashed line is the equilibrium speed (which follows from 
the quasistatic compaction curve). In this case, the data lie between the 
two limits on a curve estimated by multiplying the frozen speed by the 
fraction of contact area between spherical grains at each value of porosity, 
i. e., an accounting for transmission losses from grain to grain. The impli- 
cation for this material is that wave speed will be frequency dependent. 
With the dispersive influence of rate-dependent porosity change, a larger 
amplitude stress wave will split into two waves: 1) a low-amplitude pre- 
cursor propagating near the frozen speed, and 2) the remaining portion 
propagating near the equilibrium speed. 

3. Compaction Theories 

Predicting the behavior of compacted granular energetic material with 
an analysis that resolves micromechanics at the grain level is currently an 
intractable problem. Some compromise is required. Current theories of 
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Fig. 30 Bulk sound velocity vs mixture density for composite propellant initially 
at 88% TMD. Data points deduced from measurements 69 of longitudinal and 
transverse shear wave speeds and assumption of locally elastic (solid line = fro- 
zen sound speed, dashed line = equilibrium speed, and chain-dot line = frozen 
speed reduced by fractional contact area between grains). 70 



DDT assume that each elemental volume contains a binary mixture, i. e., 
that portion of the volume not occupied by the solid is assumed to be gas. 
This introduces a porosity variable e s to define the fraction of the volume 
occupied by the solid (usually denoted the solid volume fraction) and e g 
( = 1 - e s ) as the counterpart for the gas. However, a value of solid volume 
fraction cannot differentiate among particle sizes and shapes; it is simply 
a state property associated with an aggregate of ill-defined granular ma- 
terial. One consequence of this simplification is the necessity for a phe- 
nomenological submodel that can link porosity of the aggregate to its stress 
state. Under most conditions, it should be anticipated that the value of 
certain parameters will be determined by matching the model response to 
experimental data for the material in question. 

There appear to be three categories of submodels, most of which treat 
the aggregate stress tensor as a pressure and ignore deviator components. 
These are 1) rate-independent expressions that incorporate porosity as a 
state variable, 2) models that address collapse of isolated pores, and 3) models 
that address deformation of grains held in a regular lattice. Representative 
of category 1 is the original "p - a" model of Herrmann 71 as a rate- 
independent equation of state that includes the solid volume fraction as a 
state variable; however, it requires additional (usually empirical) infor- 
mation for closure. There have been many variations of essentially this 
same concept. Representative of category 2 is the intriguing model of 
Carroll and Holt (C&H). 72 C&H assume uniform spherical collapse of an 
isolated spherical pore surrounded by homogeneous incompressible ductile 
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material loaded hydrostatically. Their theory works well for the porous 
metals for which it was intended. However, direct application to granular 
material at, say, 60% TMD presents some conceptual problems, not the 
least of which is the absence of isolated spherical "pores." If the material 
surrounding the pore is neither ductile nor homogeneous, then the C&H 
formulation based on elastic, elastic/plastic, and plastic stress fields has 
little physical significance. The ductile and incompressible assumptions can 
be removed 73 ' 74 for application to granular materials, but the resulting 
expressions require calibration by experimental data as in category 1. 

Representative of category 3 is the "lattice compaction" model of Jacobs 
and Sandusky 75 for deformable nonfracturing granular material (e. g., TS- 
3660). This theory replaces the concept of isolated voids surrounded by 
solid material with the more realistic picture of spherical grains contacting 
one another by virtue of an assumed lattice arrangement — simple cubic, 
face-centered cubic, etc. Compression of the aggregate forces an increase 
in the contact surface area as the spherical particles deform to preserve 
their original volume. Predictions include local contact area, connected 
porosity, and the important value of porosity beyond which remaining void 
volume is isolated; these might also be useful in predictions of permeability. 
The current model is rate independent and limited by the assumptions of 
uniform particle diameter and material incompressibility, and it would lose 
its physical significance if applied to brittle granular material, which frac- 
tures under compressive load. 

A review of all compaction theories is beyond the scope of this chapter. 
With respect to predictions of DDT and SDT in granular material, the 
reader may find more detail in Refs. 73-86 and references therein. In 
general, however: 

1) Most theories assume a single "effective" particle diameter or pore 
size, and none can treat a distribution of sizes. Irregularly shaped pores 
or grains are ignored. 

2) Ali predictions and theoretically inspired correlation functions for 
quasistatic compaction are unique functions of local porosity; there is no 
effect due to initial particle diameter or pore size. 

3) None of the theories accounts for brittle fracture of grains or abrupt 
changes in particle size. 

4) Most theories ignore deviator stress components of the mixture stress 
tensor; hence, compression of the aggregate leads to pores that collapse 
spherically and/or grains that deform symmetrically. 

5) Theories that address rate-dependent compaction are difficult to val- 
idate. 

If the only objective of a constitutive theory for compacted granular 
energetic material is to "represent" quasistatic compaction data as a func- 
tion of porosity, then several available techniques can accomplish this with 
certain adjustable parameters. It does appear that prediction of "integral 
effects" such as compaction wave speed are insensitive to a precise de- 
scription of the aggregate stress tensor. However, if the theory must ac- 
count for compaction behavior at high strain rates and for the micromechanics 
of compressive ignition, then a great many improvements will be required. 
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IV. Summary and Conclusions 

A. Transient Crack Combustion, Propagation, and/or Branching 

1) During the early phase of flame spreading, pressure wave phenomena 
exist, and the crack pressurization rate is controlled by the rocket motor 
operating conditions. At a later time, the cavity pressurization is dominated 
by propellant combustion. 

2) As the chamber pressurization rate or burning rate of the propellant 
is increased, the time required for the ignition front to reach the crack tip 
decreases and the maximum flame-front propagation velocity increases. 

3) Maximum pressure observed in the crack cavity increases when the 
gap width is reduced, when the crack length is increased, or when the 
propellant burning rate is increased. 

4) Coupling between chamber pressurization, crack combustion, and 
propellant deformation is quite important, especially in the case of very 
narrow cracks and for high chamber pressurization rates. 

5) Depending on the initial pressurization rate, the recovered propellant 
samples showed four different modes of damage. The first mode (mode 
A) involves no mechanical damage. Under this condition, an existing crack 
will not cause any major departure from normal motor operating charac- 
teristics. The second mode (mode B), which occurs at relatively low pres- 
surization rates (1.4-15 GPa/s), creates local damage restricted to single- 
crack propagation. The third and fourth modes (modes C and D) were 
observed at high pressurization rates. These modes involve crack propa- 
gation and multiple branching of the tip region in various directions, gen- 
erating either small or large amounts of void fractions. These modes can 
produce high degrees of damage due to the strong interaction between the 
burning and fracture processes. 

6) A set of dimensionless parameters governing the combustion/frac- 
ture-coupled mechanism has been obtained for determining the degree of 
damage created by burning propellant grins, with large specific surface 
areas caused by the flaws in solid rocket motors. 

B. Granular Propellants 

7) Combustion of a granular aggregate of energetic material can undergo 
fundamental changes compared with a homogeneous solid. 

a) Convective flame penetration into the available porosity of the 
granular aggregate can propagate at hundreds of meters per second. How- 
ever, this is not the ultimate speed possible. 

b) An accelerating convective flame leads to the formation of a pre- 
cursor stress wave system that alters (compresses) the unburned material 
as it propagates ahead of the combustion zone. 

c) As the precursor wave system builds in strength, the unburned 
material is subjected to the work of compression at increasing strain rates; 
deposition of energy occurs preferentially near grain boundaries and re- 
gions of material weakness. 

d) Above some strain-rate threshold, the compressive precursor wave 
can ignite the unburned material; this creates a wave-controlled ignition 



(&AIAA 

HnWa^ffiiimihiiioipiimiaiilfAf Purchased from American Institute of Aeronautics and Astronautics 

512 K. K. KUO AND D. E. KOOKER 

mechanism that can propagate at the speed of a shock wave and provide 
a pathway to detonation. 

8) Quasistatic compaction is material dependent. Experiments have shown 
different behavior for double-base ball propellant, which undergoes per- 
manent plastic deformation and distortion of the grains, and granular HMX, 
which exhibits brittle fracture, significantly altering the original particle 
size. 

9) Dynamic compaction experiments suggest that the strain rate accom- 
panying impact can lead to stress states in excess of the quasistatic state 
and can cause direct ignition of nonburning material. 

10) Current theoretical treatments of compaction of granular energetic 
material are hampered by restrictive assumptions and will require improve- 
ment to predict ignition at high strain rates. 
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Chapter 14 



Theory of Nonsteady Burning and Combustion 
Stability of Solid Propellants by Flame Models 

Luigi De Luca* 
Politecnico di Milano, Milan, Italy 



Nomenclature 

A = nondimensional constant used in frequency response func- 

tion theory (Sec. V. A.) 
A c = pre-exponential factor in condensed-phase Arrhenius ki- 

netics, nondimensional 
a = nondimensional positive constant used in C c (0) law [Eq. 

(10) ] 

a x = average volumetric absorption coefficient, cm 1 

B = nondimensional constant used in frequency response func- 

tion theory (Sec. V. B.) 
b = nondimensional positive constant used in K c {®>) law [Eq. 

(11) ] 

6 si = constant used in the temperature sensitivity law [Eq. (57)] 

C = c/c ref , nondimensional specific heat 

C 2 ,C 5 = nondimensional groups used in Sec. V. B. 
c = specific heat, cal/g K 

d = thickness, cm 

E { ) = E ( - ) l ( 3in { ) rcf , nondimensional reference activation energy 

E ( j = E { /9l/r ( j, nondimensional activation energy (Sec. V) 

E, j = activation energy, cal/mole 

F( ) = several functions defined in the main text 

F 0 = I 0 /q ref , nondimensional external radiant flux 



Copyright © 1991 by the American Institute of Aeronautics and Astronautics, Inc. Ali 
rights reserved. 

*Professor, Dipartimento di Energetica. 



519 



(&AIAA 

H»rtbrt)'iF«™)«j|.^™)«itrip Purchased from American Institut» of Aeronautics and Astronautics 

520 L. DE LUCA 

/( ) = several functions defined in the main text 

f m ( ) = monochromatic function defined in Sec. III. A. 

f(K c ) = function defined in Sec. III. E. 1. 

G( ) = functions defined in Sec. VI. B. 

g( ) = several functions defined in the main text 

//( ) = 2( /Cref/£7*.ref ~~ T Tet ), nondimensional heat release 

H ( ) = Q ( ) lc c l{T s - T Tef ), nondimensional heat release (Sec. V) 

I 0 = external radiant flux intensity, cal/cm 2 s 

/( ) = function defined in Sec. III. E. 1. 

K = k/k iet , nondimensional thermal conductivity 

k = thermal conductivity, cal/cm s K 

= characteristic length, cm 
M = average molecular mass of gas mixture, g/mole 

m = mass burning rate, g/cm 2 s 

n = ballistic or pressure exponent in the steady-state burning 

rate law [Eq. (53)]; order of approximating monotonic tem- 
perature disturbance [Eq. (108) or (109)] 
n Qs = pressure exponent in the surface heat release law [Eq. (55)] 

n s = pressure exponent in the surface pyrolysis law [Eqs. (17) 

and (18)] 

n si = pressure exponent in the temperature sensitivity law [Eq. 

(57)] 

^Tn n T = pressure exponent in the flame, surface temperature law 

[Eqs. (54) and (56)] 
P = p/p rcf , nondimensional pressure 

p = pressure, atm 

p re{ = 68 atm, reference pressure 

Q = heat release, cal/g (positive exothermic) 

Q te ( = c ref (T;, ref - r ref ), reference heat release, cal/g 

Q x = total condensed-phase heat release (surface + volumetric), 

cal/g 

q = q/q ief , nondimensional energy flux 

q = energy flux intensity, cal/cm 2 s 

<?ref = P c c ref r 6jref (T s rcf - r rcf ), reference energy flux, cal/cm 2 s 

R = rjr b rei , nondimensional burning rate 

Sft = universal gas constant, 1.987 cal/mol K or 82.1 atm cm 3 / 

mole K 

R p = propellant response to pressure fluctuations, nondimen- 

sional 

R r = propellant response to external radiation fluctuations, non- 

dimensional 
r b = burning rate, cm/s 

lb,Kt = r b(Prei), reference burning rate, cm/s 

r x = average optical reflectivity of the burning surface, % 

T = temperature, K 

T 0 = initial sample temperature, K 

r ref = 300 K, reference temperature 

T S Ki = T s (p IC f), reference surface temperature, K 

; = time coordinate, s 
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t* = characteristic time, s 

U = ujr b zsl , nondimensional gas velocity 

u = temperature disturbance, nondimensional 

u g = gas velocity, cm/s 

(u x ) c s = disturbance thermal gradiant at the condensed-phase side, 
nondimensional 

W = maximum value of mass reaction rate per unit volume, non- 

dimensional 

W di = mass reaction rate per unit volume in KTSS distributed flames, 

nondimensional 

W ki = mass reaction rate per unit volume in premixed sharp flames , 

nondimensional 

W p = nondimensional constant used in frequency response func- 

tion theory (Sec. V) 
w s = power of KTSS pyrolysis law 

X = x/(a Kf /r b ref ), nondimensional space coordinate 

x = space coordinate, cm 

Z = parameter of elongated flame kinetics, nondimensional [Eq. 

(40)] 

a = thermal diffusivity, cm 2 /s; also parameter of transient flame 

model 

P = parameter of transient flame model; also reaction order (Sees. 

III.C. and V.A.) 

7 = parameter of transient flame model 
T = thermal responsivity, cal/cm 2 Vs K 

8 = d/(a rc{ /r b rc{ ), nondimensional thickness 
b(X - X f ) = Dirac delta funetion located at X = X f 

8 X = (l/flj.Varef/^^cf), average nondimensional thickness of op- 

tical absorption layer 
g = nondimensional chemical reaction rate 

? x = average optical emissivity of the burning surface, % 

t, = constant of the KZ flame model (Sec. III. C. 4.) 

© = (T — T TC{ )/(T S IC{ — T TCf ), nondimensional temperature 

©o = nondimensional initial sample temperature 

\ = wavelength, \xm; also characteristic root (Sec. V) 

v = frequency, Hz 

4 = nondimensional disturbance thickness 

p = density, g/cm 3 

a = 1.37 • 10~ 12 cal/cm 2 s K, Stefan-Boltzmann constant 

(j p = burning rate temperature sensitivity, l/K 

%H C = total heat volumetrically released in the condensed phase, 

nondimensional 

2<2 C = total heat volumetrically released in the condensed phase, 

cal/g 

t = tK a ref/ r b.ref)> nondimensional time coordinate 

<t'> = T(C g /K g )(p c /<p g >), nondimensional characteristic time pa- 
rameter 

Y ( j = T { )/r ( j ref , nondimensional temperature 
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<p = Q g p g e g , heat release rate per unit volume, cal/cm 3 s 

4> = phase, rad 

i[> = ammonium perchlorate mass fraction, % 

w = 2itv, circular frequency, rad/s 

ft = co • a c lrl, nondimensional circular frequency 

Subscripts and superscripts 

b = branching 

c = condensed phase 

cub = cubic phase 

c, s = burning surface, condensed-phase side 

di = diffusive 

dz = dark zone 

ext = external 

/ = flame; also final 

fz = fizz zone 

g = gas phase 

g,s = burning surface, gas-phase side 

i = initial 

/ = counter 

ki = kinetic 

min = minimum 

op = opaque 

ort = orthorombic phase 

out = lost 

p = pressure 

r = radiation 

re = real part 

ref = reference 

s = burning surface 

th = thermal 

tr = transparent 

tra = transition 

X. = spectral value 

i = penetration depth of thermal disturbance 

0 = at the burning surface; also initial 

1 = first step (either high pressure or high temperature) 

2 = second step (either middle pressure or middle temperature) 

3 = third step (either low pressure or low temperature) 

— 00,+ oo = far upstream, far downstream 
< > = space averaged value 

- = steady-state value 

= = value averaged over chemical composition 

~ = dimensional value 



I. Background 

MODELING of solid rocket propellant transient flames has been evolv- 
ing for years starting from the classical Krier-T'ien-Sirignano- 
Summerfield (KTSS) transient flame model 1 on distributed flames, origi- 
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nally proposed by the Princeton group more than 20 years ago, and the 
simultaneous work by Culick 2 on sharp flames. Within the framework of 
overall monodimensionality in space, quasisteadiness of the gas phase in 
time, homogeneity of the condensed phase, and thermal nature of the 
combustion model [quasisteady homogenous one-dimensional (QSHOD) 
unsteady model], transient burning of common classes of solid propellants 
can today be reasonably well numerically simulated and analytically pre- 
dicted; experimental validation is, however, scarce. 3 Within the same 
QSHOD framework, analysis of intrinsic combustion stability can be per- 
formed by linearized treatments or approximate nonlinear methods; both 
are discussed in this chapter. However, attention is restricted to theoretical 
treatments based on fundamental principles only. Since a f uli theoretical 
treatment capable of dealing with both steady and unsteady behavior is 
still too difficult, the relevant steady-state burning properties are usually 
assumed known and just embedded in the governing set of equations. This 
can be done theoretically by appropriate supporting steady-state models 
or experimentally (the favorite approach of this author) by incorporating 
experimental information collected over a wide range of operating 
conditions. 

Intrinsic stability refers to combustion phenomena due to the propellant 
chemical composition and not combustion chamber coupling; in other words, 
pressure is either constant or externally assigned. In this respect, "intrinsic 
combustion stability," "intrinsic burning stability," and "flame stability" 
are considered synonymous. In rocket motor applications, use of intrins- 
ically unstable propellants is in general excluded, but the effects of pro- 
pellant combustion properties are necessarily felt during any transient 
operations. Thus, intrinsic stability of propellants has fundamental but also 
practical importance. In this chapter, (intrinsic) combustion or burning 
stability solely will be discussed, with reference to thin and thick flames 
(known as "narrow and broad chemical reaction zones" in the Soviet lit- 
erature). Note that in all previous work by this author, "flame thickness" 
tacitly referred to the size of chemical reaction zone with respect to some 
characteristic size of rocket combustion chambers; however, for studies on 
intrinsic combustion properties it makes more sense to relate the size of 
chemical reaction zone to the size of the associated thermal wave. 

The ultimate goal of research in this area is to understand transient 
burning of solid rocket propellants and predict the related intrinsic com- 
bustion stability properties by resorting to flame models [flame modeling 
(FM) method]. The physical system under study is sketched in Fig. 1. A 
parallel, pioneering effort was developed by Zeldovich and Novozhilov in 
the USSR (ZN method) and is described by Novozhilov in Chapter 15. 
Although the two approaches are independent, the basic assumptions and 
results are the same; in principle, ZN is quicker whereas FM, which is 
more complex, is also more informative. However, for fully transient burn- 
ing, the gas phase has to be explicitly taken into account and, therefore, 
only FM can be implemented. 

Two important features must first be recognized. Double-base (DB) solid 
propellants, whether catalyzed or not, clearly manifest a premixed multi- 
zone flame structure over a large pressure range. However, for most current 
compositions burning at pressures below, say 150 atm, the dark zone ef- 
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Fig. 1 Schematic of a) the overall physical problem, b) energy balance at the 
burning surface, and c) nomenclature for sinusoidal frequency response function 
analysis. 



fectively filters away the heat feedback to the burning surface from the 
luminous zone (if no erosive burning occurs). On the other hand, for most 
current compositions, overall monodimensionality in space requires a min- 
imum operating pressure of, say, 2 atm. In addition, the particular but 
important class of catalyzed DB manifests the peculiar effect of super-rate 
burning, usually in a narrow range near the low end of the above defined 
pressure interval, consisting of a spectacular increase of burning rate with 
ballistic exponent largely bigger than 1. This implies that, within wide 
pressure limits, monodimensional modeling of DB propellants is permis- 
sible, and, moreover, DB flames require only the fizz zone to be quasi- 
steady. However, peculiar problems have to be expected in the narrow 
pressure range over which super-rate occurs. 

Heterogeneous or composite propellants, in particular ammonium per- 
chlorate (AP)-based compositions, manifest an essentially diffusion flame 
with a pronounced dependence on the statistics of the multidisperse oxi- 
dizing particle population. Unfortunately, nonlinear transient effects in the 
gas phase appear impossible to be accounted for by the present monodi- 
mensional theories. This implies that those effects will be considered only 
roughly and to the extent in which steady-state combustion properties are 
experimentally affected by different statistics of the multidisperse oxidizing 
particle population. In available transient flame models, treatment of het- 
erogeneous propellants is inherently ensemble averaged. 

The purpose of this chapter is to review the field of transient burning 
and intrinsic combustion stability of solid rocket propellants by flame mod- 
eling, point out limitations, and whenever possible suggest practical ways 
to overcome them. The plan of presentation is the following. A literature 
survey in the area of transient flame modeling is offered in Sec. II. Main 
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assumptions and governing equations for the overall combustion wave 
processes are described in Sec. III. The numerical solution of the full 
nonlinear approach is very shortly mentioned in Sec. IV. Linear stability 
predictions, in terms of sinusoidal frequency response function, are dis- 
cussed in Sec. V. An approximate but nonlinear analytical approach used 
to predict intrinsic combustion stability is presented in Sec. VI, where static 
as well as dynamic (or transitional) combustion stability features are dis- 
cussed; differences in terms of transient burning and intrinsic combustion 
stability are deduced by comparing gas-phase working maps from different 
transient flame models; bifurcation plots and deflagration boundaries are 
derived. Conclusions and suggestions for future work are reported in Sec. 
VII, emphasizing the need of a deeper fundamental understanding. 

Reading the companion Chapter 15 by Novozhilov is strongly advised. 
In addition, reading the introductory Chapter 2 by Barrere and final Chap- 
ter 21 by Price and Flandro will help the reader in putting several arguments 
treated in this chapter in the right perspective. 

II. Literature Survey 

The skeleton of this chapter is based on a succession of oral presentations 
offered by the author at different meetings as well as some publications 
not easily circulated in the pertinent scientific community. Thus, a short 
outline of the research activities carried out by this group in the area of 
flame modeling should help. First, a critical review of the merits and con- 
straints of traditional flame approaches was conducted within a unified 
mathematical formalism, and inherent limitations of the so-called "linear- 
ized" heat feedback laws were underlined in Ref. 4. The approximate but 
nonlinear analytical stability method previously developed 4 5 " 8 was then 
extended to flames of arbitrary thickness, 9 with particular reference to a 
catalyzed DB propellant. The limited validity of both spatially thin and 
thick flames to model transient burning, even including variable thermal 
properties in the condensed phase, was recognized by Bruno et al. 3 The 
importance of the characteristic gas-phase time was discussed on physical 
ground with particular reference to nonmetalized AP-based composite pro- 
pellants, 10 yielding the formulation of a widely applicable transient flame 
model (called u$y). A first application to a catalyzed DB flame was then 
made, 11 yielding the conclusion that theoretical and experimental results 
are in good agreement in the pressure range above that of super-rate 
burning. An attempt to probe the super-rate pressure interval by the same 
approach, enforcing a pyrolysis submodel either totally concentrated at the 
burning surface or volumetrically distributed in the condensed phase, did 
not produce satisfactory results. 12 Ali of the previous studies were con- 
ducted for a propellant strand burning in an open vessel; computations of 
AP-based composite propellants burning in a confined geometry, by the 
ctfiy flame model and including pressure coupling only, were reported by 
Galfetti et al. 13 A review of the state of the art in transient flame modeling 
of solid propellants was lately offered by this author. 14 An attempt to model 
DB transient burning, including the super-rate region, by a two-step vol- 
umetrically distributed pyrolysis was recently published (Ref. 15). The main 
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features of the overall transient combustion model under development at 
Milano are sketched in Fig. 2. 

The current public literature scenario can be portrayed as follows. Tran- 
sient flames of AP-based composite propellants were successfully modeled 
by Krier et al. 1 by enforcing a spatially uniform heat release rate distri- 
bution in a gaseous layer of some thickness (not exactly defined by the 
authors) attached to the burning surface (uniform and anchored flame 
structure). Similar approaches were taken by Kooker and Zinn 16 and 
Levine and Culick, 17 although different physical pictures were invoked. 
Both papers somewhat extended the applicability of the KTSS model, in 
particular allowing different specific heats for the condensed and gas phases 
(c c =h c g ). Yet the model by Kooker and Zinn (KZ model) does not 
necessarily recover the steady-state dependence on pressure, whereas the 
model by Levine and Culick (LC model) includes a pressure dependent 
pyrolysis (n s 4= 0, see Sec. III. B.) awkward to implement under transient 
burning and thus recommended only for n s = 0. 

If the relevant equations are properly rewritten, the heat feedback laws 
provided by these flame models (KTSS, KZ, and LC) are identical. The 
heat release rate distribution in the gas phase is mathematically described 
by a rectangular pulse (even though several investigators call it a step 
function, which is misleading); see Fig. 3a for a sketch. This kind of flame, 
in the following denoted as KTSS, is physically representative of combus- 
tion processes controlled by mass diffusion. KTSS flame can be considered 
the archetype of spacewise thick flames, being the associated thermal and 
chemical layers of the same size ("broad chemical reaction zones" in the 
Soviet literature). Notice that in the original paper by Krier et al., 1 both 
the full expression and a linearized version (in the sense q g s = l/R) of the 
heat feedback law were provided. Nonetheless, many of the successive 
researchers adopted the same linearized procedure, which inhibits appli- 
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Fig. 3 Sketches of spatial distribution of volumetric heat release rate according 
to a) KTSS distributed transient flame (thick); b) CS sharp or concentrated 
transient flame (thin); and c) MTS combined, distributed + sharp, transient 
flame (thick). 



cations of the resulting heat feedback to ignition, extinction, and in general 
transient combustion processes involving burning rates appreciably lower 
than the corresponding steady values; this is sometimes forgotten in the 
literature. 

Detailed calculations of transient flame models and structures were in- 
dependently performed by Culick, 2 ' 18-20 Culick and Dehority, 21 and Price 
and Culick. 22 In particular, a Dirac delta function was suggested to offer 
a'convenient description of flames with a very sharp heat release rate 
distribution in space. The reaction zone of these flames, schematically 
represented in Fig. 3b, is of vanishing thickness and can be seen as a limiting 
case of Denison and Baum premixed model (see hereafter) for very large 
activation energy. Delta functions were then often implemented; for ex- 
ample, Cohen and Strand 23 developed a transient flame model (CS flame) 
consisting of a flame sheet in the framework of the Beckstead-Derr-Price 97 
(BDP) steady-state approach, in turn inspired by the statistical approach 
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of Hermance. 95 Yet, this mathematical formalism may be physically un- 
realistic and should be applied with care to real solid propellants. 

Perhaps the very first transient flame picture for solid propellants is the 
premixed model proposed by Denison and Baum 24 in their pioneering work 
on intrinsic combustion instability. This also is a sharp flame, whose heat 
release rate distribution in space is described by the classical Arrhenius 
expression of nth order; it features a thin reaction zone decreasing for 
increasing activation energy. Premixed flames, whether described by Stan- 
dard Arrhenius or Dirac delta, are physically representative of combustion 
processes controlled by chemical kinetics with a large or very large acti- 
vation energy. These flames are usually located at some standoff distance 
from the burning surface and commonly denoted as flame sheets or sharp 
flames or concentrated flames ("narrow chemical reaction zones" in the 
Soviet literature). 

The work by Merkle et al. 25 in 1969 on the Merkle-Turk-Summerfield 
(MTS) transient flame model, developed from granular diffusion flame 
(GDF) steady-state approach, 98 is of particular interest for transient burn- 
ing modeling. The spatial heat release rate distribution in the gas phase 
was modeled by combining a rectangular pulse (KTSS flame) with a delta 
function (flame sheet) in the first and only attempt known to this author 
to account at the same time for both chemical kinetics and mass diffusion 
effects in transient flames; see the sketch in Fig. 3c. In the opinion of this 
writer, however, the unique contribution of MTS flame is the introduction 
of characteristic gas-phase times for both chemical kinetics and mass dif- 
fusion. In all other transient flame models, no characteristic time for the 
gas-phase processes was explicitly considered. In spite of its conceptual 
sophistication, however, the whole MTS approach depends on some ar- 
bitrary assumption as to the resulting total characteristic time and the need 
to select appropriate constants for the two individual characteristic times 
(kinetic and diffusive). 

A fresh approach was taken by Deur and Price 26,27 to account for pro- 
pellant heterogeneity. The burning surface is partitioned into areas having 
different response and thus originating fluctuations of both composition 
and temperature; different contributions are evaluated in a modular way 
and combined into an overall response. Results for laminate propellants 
manifest broader responses at lower frequencies due to AP self-deflagra- 
tion. 

Another objective of transient flame modeling is to relax the quasisteady 
gas-phase assumption, which restricts the practical applications of models 
to a frequency range from 0 to some 1000 Hz. In spite of some attempts 
(for example, see Ref. 28), fully workable solutions are not available. Yet 
fundamental theoretical work on intrinsic combustion stability was carried 
out by Margolis and Williams 29 well beyond the classical QSHOD limi- 
tations; by asymptotic analysis, for large values of activation energies for 
both surface pyrolysis and gas-phase processes, the assumptions of quasi- 
steadiness as well as quasiplanarity of the gas phase were relaxed. Further 
work along this avenue is reported in Margolis and Williams. 30 Ad- 
vances in the framework of the ZN method are discussed by Novozhilov 
in Chapter 15. 
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III. Formulation of the Problem 

Ali developments treated in this chapter are within the wide family of 
QSHOD transient combustion models. Merits and limitations of the QSHOD 
approach are discussed by Price and Flandro in the final chapter of this 
book. A detailed discussion on the validity of assumptions and several 
relevant remarks (for example, on the meaning of surface temperature and 
surface phenomena) are reported in Chapter 15 by Novozhilov. 

Consider a strand of solid propellant burning, with no velocity coupling, 
in a vessel at uniform pressure and possibly subjected to a collimated 
radiant flux originated exclusively from a continuous external source of 
thermal nature. Assume monodimensional processes, no radiation scat- 
tering, no photochemistry, and no external forces (e. g., acceleration). De- 
fine a Cartesian x axis with its origin anchored at the burning surface and 
positive in the gas-phase direction; see sketch of Fig. la. Nondimensional 
quantities are obtained by taking as reference those values (maybe only 
nominal) associated with the conductive thermal wave in the condensed 
phase at 68 atm and under adiabatic operations. 

A. Condensed-Phase Assumptions and Governing Equations 

Let the condensed phase be a semi-infinite slab of uniform and isotropic 
composition, possibly suffering heat losses from the burning surface only. 
The nondimensional energy equation in the condensed phase (X < 0, t > 
0) is described by the following nonlinear parabolic partial differential 
equation (PDE) and associated boundary conditions 

Q(0) 

(2) 
(3) 
(4) 

where the initial temperature profile 0,(^ < 0) is any known thermal profile 
depending on the specific problem under scrutiny and decaying toward 0 O 
at the cold boundary of the propellant sample. By definition, the conductive 
energy fluxes leaving or entering the burning surface are 

where K g (P) is an assigned pressure dependent thermal conductivity in the 
gas phase; whereas 

Pc ' C ref ' r b,ref ' (^s.ref ~ ^~ref) 
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is the energy loss toward the surroundings, typically by radiation from the 
hot burning surface assumed to behave as a blackbody. Notice that C c (0) 
and K c (&) are respectively assigned temperature dependent specific heat 
and thermal conductivity in the condensed phase; these and the other 
remaining terms will be discussed below. 

The possible presence of a radiant flux impinging from an external con- 
tinuous wave source on the burning surface with net intensity F 0 (t) requires 
care in the case of polychromatic emission. It is convenient to define the 
following polychromatic function 

f(X) - jj m (X,k) dX (8) 

where f m (X,\) is in turn a monochromatic function to be assigned de- 
pending on the optical properties of the propellant condensed phase and 
nature of the external thermal radiation source impinging on the burning 
surface. For example, for an absorbing but nonscattering condensed phase 
having average spectral surface reflectivity f x and average thickness 8 X of 
the optical absorption layer, one finds 31 

1 - fjF x \ (X 



/m( ^) = - 1 -^ o exp lg - j (9) 

where (FJF) 0 d\ is the spectral fraction of the total external radiant energy 
impinging on the burning surface. Optical properties of solid propellants 
and relevant ingredients are reported in Chapter 10 of this book by Zarko 
et al. and recent papers by Brewster and coworkers. 32-35 

In general, in this work all quantities are meant to be deduced from 
experimental data. For example, both AP-based composite and DB pro- 
pellants feature a condensed-phase specific heat linearly increasing with 
temperature 

C c (@) = 1 + a@ (10) 

where a > 0 usually (cf. Chapter 5 by Zanotti et al.). Condensed- 
phase thermal conductivity may also be seen as linearly changing with 
temperature 

K c (&) = i + b® (11) 

where b > 0 for DB propellants but b < 0 for AP-based composite pro- 
pellents; in addition, the latter show a dramatic decrease of thermal con- 
ductivity when AP crystals transform from orthorhombic to cubic at some 
transition temperature (513 K for slow heating rates). 

The group H c e c , typically for a two-step consecutive pyrolysis reactions 
distributed in the condensed phase between the surface temperature and 
some minimum temperature (below which no thermal degradation is as- 
sumed to occur), is computed as 

H c z c - H eA e Cil = H cA A Ctl exp( - EJY) Y s > Y > Y tra (12) 
H c z c - H ca z ca = H c , 2 A ca exp( - EJY) Y tra > Y > Y min (13) 
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where Y tra is the switching temperature between the two pyrolysis steps; 
see sketch in Fig. 2. The order of reaction is assumed to be zero for both 
pyrolysis steps. This scheme is needed to describe in-depth pyrolysis phe- 
nomena in particular of DB propellants, as discussed in detail by Zenin in 
Chapter 6 and also suggested by others 36,37 ; more complex mechanisms 
may however be required (e. g., three parallel reactions in Ref. 38). The 
pre-exponential factors can anyway be deduced through a normalization 
condition. For example, for each of the above two steps one finds the 
following: 



A c> i — 



R(P) 



f 
Jx 



exp 



Y(X) 



(14) 



dX 



and 



R(P) 



r 



exp 



(15) 



dX 



An iterative procedure simultaneously processing the two integrals can 
easily be implemented. 

Under steady-state conditions, the following overall energy balance must 
be satisfied: 

HJP) + H S (P) + 1H C (P) = H(P) 



f' 

J Trcf 



c c (T)dT + (c g ) • {T f - T s ) 



e ref 



(16) 



whichboundsthesum// x (P) = H S (P) + S// C (F) of the total (concentrated 
and distributed) heat release in the condensed phase; all other quantities 
in the above expression are evaluated as shown in the following sections. 



B. Burning Surface Assumptions and Governing Equations 

Let the burning surface be an infinitesimally thin planar surface subjected 
to one-step irreversible gasification processes; see the sketch in Fig. lb. 

As to the kinetics of the pyrolysis law, for the concentrated surface 
gasification the classical Arrhenius formalism resorts to an exponential law 



R(Y S ,P) = P" s exp 



- 1 



(17) 



whereas the alternative approach suggested by Krier et al. 1 resorts to a 
power law 



R(Y S ,P) = P" 



Y, 



Y 0 



1 - Y n 



(18) 
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In this work, the Standard Arrhenius law is used with a minor modification 
in the KTSS sense near ambient temperature to avoid the classical cold 
boundary difficulty of the Arrhenius expression (see Ref. 39, pp. 145-149); 
this modification has otherwise no practical effects. 

The temperature dependence of the net heat release concentrated at the 
burning surface is computed as 



where the steady-state dependence Q s (p) is experimentally deduced and 
(c g (T)) is an assigned pressure dependent average specific heat of the gas- 
phase mixture. 

The modeling of surface heat release is important also for its profound 
effects on combustion dynamics and intrinsic stability. In the papers by 
Krier et al. 1 and Merkle et al. 25 constant values were assigned to surface 
heat release by enforcing equal specific heats for the condensed and gas 
phases (c c = c g ); this is convenient but may be unrealistic. Others (Kooker 
and Zinn, 16 Levine and Culick, 17 and Cohen and Strand 23 ) enforced a 
temperature dependence of the surface heat release recognizing that in 
general c c + c g ; this is a simple but often relevant extension. 

Perceivable differences are found depending whether propellant pyrol- 
ysis is modeled as concentrated at the burning surface (a convenient as- 
sumption) or volumetrically distributed (a more realistic approach). In 
general, both the intensity and space distribution of the energy sources are 
important. However, volumetrically distributed or in-depth reactions ap- 
pear from the literature not yet fully studied. The kinetics of one-step 
distributed pyrolysis with activation energy E c can be reduced to a con- 
centrated surface gasification with E s = EJ2 (see Ref. 40). 

Since an acceptable physical picture has yet to be found for the complex 
phenomena occurring at and near the burning surface, the only saf e pro- 
cedure for modeling efforts is to resort to crude experimental information. 
Yet, the question arises as to the best fitting procedure of the available 
experimental data. No strong evidence exists for pressure effects on the 
pyrolysis phenomenon under steady operations. Since it would be puzzling 
to account for such effects under transient operations, pressure dependence 
is usually neglected. Fitting of the experimental data is then performed 
only through surface activation energy (possibly, different values are en- 
forced for different ranges of surface temperature); in any event, n s = 0. 
Values of n s + 0 were initially proposed to explain some lack of quanti- 
tative agreement between theoretical and experimental results obtained 
from T burners and L* burners; even in these instances, no clear benefit 
could be ascertained (e. g., see Ref. 41). 

C. Gas-Phase Assumptions and Governing Equations 

The energy equation for flames of thermal nature and the assumption 
of quasisteady gas phase are discussed in Sec. III.C.l.; a survey of exper- 
imental investigations that attempt to elucidate the space distribution of 



H S (T S ,P) = 




(19) 



Qref 
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heat release rate in flames is given in Sec. III. C. 2.; a new and compre- 
hensive transient flame model called afiy is described in Sec. III. C. 3.; 
finally, a survey of transient flame models commonly accepted in the lit- 
erature is offered in Sec. III. C. 4. 

1. Energy Equation o f Thermal Flames 

Let the gas phase be a semi-infinite column of gas consisting of a mixture 

of thermally perfect components; the gas is adiabatic everywhere except 

at the burning surface and does not interact with radiation. The flow is 

assumed to be one-phase, laminar, nonviscous, and low-subsonic. It is 

further assumed that the whole gas phase can be described by a thermal 

model (Lewis number = 1), thus simplifying the mass diffusion prob- 
lem. 19,39,42 

The nondimensional energy equation in the gas phase (X > 0, t > 0) 
is then described by the following nonlinear partial differential equation 
and associated boundary conditions 

+ — + — H E 
dT p c g 8 

®(X,t = 0) = &,(X) for X > 0 
©(Z = 0 + ,t) = ® s 

+ oo, T ) = 0 

A well-known result for solid propellants, t* 1 1* « 1, implies that 
during relaxation transients the gas-phase portion of the combustion wave 
adjusts much faster than the condensed-phase portion. If in addition 
f g lttxi << 1 > w i tn J *xt being the characteristic time of some externally 
driven forcing function, then the gas-phase portion of the combusion wave 
adjusts much faster than the condensed-phase portion to the prevailing 
operating conditions, making the otherwise fully unsteady burning transient 
a quasisteady gas-phase burning transient. Whereas the first requirement, 
for commonly used propellants, is a straightforward result essentially based 
on the density difference between condensed and gas phases, the second 
requirement strictly depends on the externally driven transient and may 
often be not true. Actually, the above inequalities should be verified for 
the characteristic times associated with all relevant processes in the gas 
and condensed phases. This implies that t* should be related to the slowest 
of gas-phase processes, whereas t* should be related to the fastest of 
condensed-phase processes. In most cases, just one process (thermal con- 
duction) is taken as representative for both phases, and, in this instance, 
t* It* « 1 follows immediately from an order of magnitude analysis. At 
any rate, the conclusion is that time derivatives are canceled in all gas- 
phase equations, and initial conditions are no longer required. A common 
further simplification is that C g (@) and K g {%) are taken as average values 
depending on pressure only. Pertinent comments are offered by Novozhilov 
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in Chapter 15 and Barrere in Chapter 2; the meaning of quasisteady gas 
phase and a detailed review of flame models are discussed by Kuo et al. 42,43 
The other important point is how to quantitatively describe the chemical 
contribution H g e g p g /p c . In general, this is too difficult to treat rigorously 
due to the overwhelming complexity of the real chemical kinetics even for 
the simplest propellant compositions. Modeling is required and this is the 
point where usually most treatments depart, a special case being the ZN 
approach treated in Chapter 15 . Let us start by introducing the concept of 
a chemically reacting layer, as that more or less short portion of the gas- 
phase where significant exothermic chemical activity takes place ultimately 
increasing the temperature to the final and maximum value (coinciding 
with the adiabatic flame temperature under steady and adiabatic operating 
conditions). This is a convenient and realistic position allowing to break 
the whole gas-phase problem into two parts: 1) a flame region, X l < X < 
X f , featuring chemical activity and whose energy equation 

is now a nonlinear second-order ordinary differential equation (ODE) 
which will be fully discussed in Sec. III. C. 3.; and 2) a wake region, X > 
X f , with no chemical activity (H g e g = 0) and thus allowing a straightforward 
integration yielding a uniform in space but time-dependent temperature 

®(X > X f ,t) = 0 / (t) 

distribution matching the final value of the reacting layer. Of course this 
is only formal, since 0^(t) has yet to be provided [see Eq. (36)]. 

In most cases X t = 0, meaning that flames are anchored to the burning 
surface. Notwithstanding this, the flame reacting layer is not explicitly 
solvable if the chemical contribution is not modeled. The focus of flame 
modeling approach, in contrast with the ZN approach, is just this modeling 
effort. A possible general strategy will be illustrated in Sec. III. C. 3., after 
acquiring much needed experimental information in the next section. 

2. Experimental Survey of Heat Release Distribution 

Current quasisteady gas-phase models resort to simple mathematical 
functions to describe the space distribution of heat release rate. A review 
of these classical approaches was recently offered by this author. 14 Detailed 
and systematic work carried out by independent laboratories clearly in- 
dicates that the rate of heat release under steady-state operations is in 
general neither uniform nor sharp in space, but rather features an elongated 
structure with a heat release rate very intense near the burning surface and 
gradually weakening in the tail. This cometlike flame structure is sche- 
matically sketched in Fig. 2. In the spirit of quasisteady gas phase, the 
qualitative distribution in space of the heat release rate is assumed to be 
the same for steady and transient regimes. 

Following hints from several investigators, 44-46 detailed experimental 
work was carried out by the Milan group 911 for a catalyzed DB in a pressure 
range spanning from subatmospheric to 38 atm. Similar experimental evi- 
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dence, apparently available in the Soviet literature for a long time, is fully 
discussed in this volume by Zenin (see Chapter 6), who remarked after 
many years of systematic work that this flame structure is typical of both 
"powders and gasless systems." 47 Experimental evidence in the open United 
States literature is sporadic: similar results were found for a nitrocellulose 
strand (containing 1% stabilizer) burning at 28 atm 44 and for a plastisol 
nitrocellulose/trimethylolethane trinitrate (PNC/TMETN) (a noncatalyzed 
DB, containing particulate nitrocellulose, whose thermal profiles were 
measured by Kubota in his Ph. D. thesis 45 ) burning at 1 and 21 atm. 46 In 
addition, all of the above experimental thermal profiles consistently show 
a convex temperature distribution, increasing more or less slowly while 
approaching the maximum value (see sketch in Fig. 2). Yet, KTSS flame 
models essentially predict a linear temperature distribution, while flame 
sheet models predict a concave temperature distribution. Finally, the flame 
thickness experimentally evaluated from the above thermal profiles gen- 
erally turns out larger than the value predicted by KTSS flame models. In 
the case of flame sheet models, the exothermic chemically reacting region 
is of vanishing thickness while the maximum temperature location corre- 
sponds to the imposed flame sheet position. 

Experimental difficulties make this type of data collection from com- 
posite propellants very arduous. However, few suggestions are available 
from different sources, usually of indirect nature, since thermal profiles 
are impervious to obtain. Early studies report for AP-based nonaluminized 
composite propellants flame thicknesses of the order of few 1000 |xm (by 
CN emission in Povinelli 48 and Derr 49 ). Recent investigations conducted 
by Edwards and coworkers 50-53 showed that emission spectroscopy and 
laser induced fluorescence (LIF) of CN radicals feature similar trends, but 
the LIF technique enjoys much finer resolution in both space and time 
(see Fig. 11 in Ref. 51); the observed flame thickness was respectively few 
1000 (j.m (Ref. 50) or several 100 \im (Ref. 51). In any event, it is re- 
markable how little the available data depend on pressure (at least in the 
range for subatmospheric to 8 atm; see Fig. 21 in Edwards et al. 51 ). Similar 
behavior was found for ammonium nitrate (AN)-based and cyclotetra- 
methylene tetranitramine (HMX) composite propellants. For an HMX/ 
TMETN propellant burning at 8 atm, a reaction zone thickness of about 
500 |xm was evaluated by CN LIF measurements (Ref. 52) and found 
consistent with partial profiles of NH and CN concentrations collected later 
in the same propellant by emission and absorption spectroscopy (Ref. 54). 
The presence of Al was found to stretch out the flame zone; see page 3501 
of Edward et al. 51 in agreement with two-dimensional LIF imaging results 
at atomspheric pressure of Parr and Parr 55 (see also page 13 of Ref. 52). 
For a crystalline triple-base nitrocellulose/nitroglycerine/nitroguanidine 
(NC/NG/NQ) burning at 10 atm, the whole NH concentration profile could 
be observed by emission and absorption (better spatial resolution) spec- 
troscopy, pointing a maximum of NH concentration at about 200 ^m from 
the burning surface (Fig. 22 in Ref. 54). CARS measurements, taken up 
to 35 atm of helium for both DB and HMX/TMETN composite propellants, 
confirmed expectations from equilibrium thermochemistry at least for ni- 
tramine burning at 23 atm (Fig. 8 in Stufflebeam and Eckbreth 56 ). 
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Thermal profiles of laboratory AP-based composite propellants were 
systematically collected by Zenin. Flame thicknesses were found to de- 
crease from a few 100 fjim to several 10 (xm for pressure increasing from 

5 to 100 atm (see Table 3 and Figs. 13-15 in Chapter 6). Coarse AP particles 
would yield temperature fluctuations of ± 50-100 K and a prolonged tail 
of the temperature profile. Thermal profiles would otherwise show no 
appreciable differences, over the large pressure range tested and as long 
as AP size is less than 100 |j,m, by changing binders, stoichiometric ratios, 
and particle sizes. Other thermal profiles, scattered in several papers by 
Kubota and coworkers (e. g. , see Figs. 4 and 5 of Kuwahara and Kubota 57 ), 
roughly indicate a similar behavior. 

Experimental results on the flame structure of conventional and modern 
solid propellant compositions are respectively reported by Zenin in Chapter 

6 and Kubota in Chapter 7 of this volume. These results were mainly 
obtained by sophisticated yet intrusive and somewhat limited diagnostic 
techniques; the potential of nonintrusive techniques and several applica- 
tions to solid propellant combustion are discussed by Parr and Hanson- 
Parr in Chapter 8. 

No matter how questionable these experimental results are, the basic 
message is that the observed flame thicknesses may be much larger than 
computed by current transient flame models, in particular for DB propel- 
lants. On the other hand, detailed kinetic modeling of solid rocket pro- 
pellant flames, even for steady operations, is still inconclusive. 53 To overcome 
at lease some of the above discrepancies, a new comprehensive transient 
flame model (conveniently called a$y, although different formulations are 
available resorting to different submodels) has been under development 
by the Milan group since 1985. Essentially, this is a mechanistic model 
trying to accommodate different types of propellant flames by a common 
mathematical formalism. In parallel with these efforts, this writer has been 
developing an approximate but nonlinear approach capable to extract the 
intrinsic combustion stability features concealed in transient flame models 
in general. A concise chronological outline of these developments is con- 
tained in Sec. II. Mathematical details follow. 

3. ap7 Quasisteady Transient Flame Model 

The reacting portion of the gas phase (the actual flame) shall be described 
by the classical set of one-dimensional conservation equations of reacting 
fluid dynamics: energy, mass, momentum, and required auxiliary relation- 
ships. 

For all quasisteady gas-phase flames of thermal nature, the first integral 
of the gas-phase energy conservation [Eq. (20)] yields the nondimensional 
heat feedback from the gas phase to the burning surface as 




(21) 



implying that 



(d®/dX) g , s » (d@/dX) f exp(- R 2 < T p) 
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The quantity (r' g ) is a characteristic gas-phase time parameter 25 conven- 
iently defined as 

(t;) - ( Tg ) (C g /K g )(p c /(p s )) (22) 

where (t s ) is the residence time in the gas phase. Quasisteady mass con- 
servation across the burning surface gives 

(t,) - (X f /(U)) = (X f /R)(( Pg )/ Pc ) (23) 

and 

(t;) = (C g /K g )(X f /R) (24) 

The formal integration of Eq. (21) holds true for any integrable expres- 
sion of the heat release rate distribution H g e g p g /p c . How should this quan- 
tity be modeled? Considering the experimental survey in Sec. III. C. 2., the 
following expression is reasonably representative: 



H g E g - ~ 



H g wU + - Q<X<aX f 

P g J V a x f/ 



HM \ ~" f \ aX f <X^X f 



(25) 



1 - a / 



where (see Fig. 2) W is the maximum value of the chemical mass reaction 
rate e g p g /p c per unit volume, the flame thickness fraction where W is 
located, (3 W the fraction of the maximum chemical mass reaction rate per 
unit volume occurring at the gas-phase side of the burning surface, and 7 
a power describing the decay of heat release rate for X > aX f . By definition, 
the three parameters depend on pressure and are bounded as follows: 

0 < a(P) < 1, 0 <= (3(P) < 1, y(P) > 0 (26) 
while normalization requires in any case 

W(t) = ^L+i (2 7) 

k } X f (j) 1 + a [p( 7 + 1) + 7 - l]/2 K ' 

In principle, these three flame parameters should be deduced from ex- 
perimental information. 

Substituting the above Eq. (25) into Eq. (21) and integrating, one finds 
for the transient heat feedback the following unified expression, valid for 
all of the currently available transient flame models of thermal nature (7 
is usually taken as an integer): 

(28) 
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where 



+ 



(-i)-y 



(7 - i)! (1 - a)' (R 2 (T' g )y aR 2 (T' g ) 



exp(-a J R 2 < T ;» 



The a^7 approach yields a transient heat feedback law which can be written 
in both nonlinear and linear versions (the quantity R 2 (j'g) being very large), 
as shown hereafter. For a = 0 (which necessarily implies 3 = 1) and 
7 = 0, the a37 approach exactly recovers the results obtained by the KTSS 
type of transient flame model. For a = 0 and 7 > 0, the flame thickness 
associated with afiy approach is 7 + 1 times larger than the thickness 
associated with the KTSS type of flame. In addition, for a = 1 (which 
makes irrelevant the value of 7) and 3 = 0, the c*37 approach exactly 
recovers the results obtained with the flame sheet type of transient flame 
model, if proper care is taken of the associated delta functions. The results 
obtained by combining different contributions (e. g., KTSS with a flame 
sheet as proposed in MTS transient flame model) can be recovered as well. 
Details are given in Sec. III. C. 4. 

Note that the manufacturing of more energetic propellants in the sense 
of larger gas-phase heat release H g helps in obtaining increased burning 
rates or combustion stability only to the extent that heat feedback to the 
burning surface is correspondingly increased according to Eq. (28). In other 
words, improving the flame structure is more effective than simply increas- 
ing the total available energy. 

For the common case a = 0 and 3 = 1, the above expression yields 

q 8 AP,R) = -^h 7? (7 + i) F(a = 0,3 = 1,7; R 2 K)) (29) 



X f (T) C g 



where 



(-1W ^ f — IV -v! 

F(a = 0,3 = l,7) - 1 ~ p2/ \, exp(-fl 2 ( T ;)) + £ - 1 



(R 2 W g )r FV x s " (7 - /)! (R 2 (t' g )y 

Furthermore, for R 2 (t' s ) large enough, F(a = 0,3 = 1,7) — * 1 and the 
linearized version of the c*37 flame model is then recovered as 

q g AP,R) = ^ ^ (7 + 1) (30) 



or 

q g ,(P,R) = :;;77^(1 + 0 <W 



or 



{t g ) R C g p c 



<7,..,(/\*) = £7>f (7+ 0 (32) 
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or 

q g<l (P,R) = W%^ (33) 

thanks to, respectively, Eqs. (23), (24), and (27). It will be seen in Sec. 
III. C. 4. that for the particular case of a = 0 (which necessarily implies 
P = 1) and 7 = 0, the above relationships exactly recover the linearized 
results obtained by KTSS type of transient flame model. In any event, 
relationships of the kind of Eqs. (30-33) are useful mainly for studies on 
intrinsic combustion stability near the steady-state burning configuration. 

In general, relationships for the quasisteady gas phase include also the 
mass continuity 

U(X,t) = tf(T) Pc / Pg (Z,T) (34) 

the momentum equation assuring uniform pressure distribution for low 
Mach number 

P(X,t) = P(r) (35) 

the transient flame temperature provided, for any quasisteady flame model, 
by an overall energy balance in the gas phase 

©/(t) = 0, (t) + (36) 

the second integral of the energy equation furnishing the temperature space 
distribution &(X > 0,t) all over the gas phase, and finally the state equation 

p(t) = Pg (x,t) ■ ('Si /M) ■ T(x,t) (37) 

(written for convenience in dimensional terms, where M is the average 
molecular mass of the gas mixture). Notice that, in the spirit of quasisteady 
gas phase, H g (P) is defined once and for all by an integral energy balance 
carried out, under steady-state operations, from the burning surface to the 
flame end. 

As to the characteristic time (or time parameter) of the gas phase, proper 
allowance must in general be made for both pressure and temperature 
dependencies, especially for transient operations. This requires in general 
an appropriate submodel, which actually is the most difficult task of the 
whole approach. In broad terms one can assume 

< T ;(P,/o> = f(P)g(R;E g . . .) (38) 

where the function f (P), depending on pressure only, is evaluated under 
steady operations but in the spirit of gas-phase quasisteadiness is assumed 
valid under transient conditions as well. The function g(R,E g . . .) depends 
primarily, but not solely, on temperature, although in the sense of gas- 
phase quasisteadiness, reference is made to the variable R, the instanta- 
neous burning rate; g(R,E g . . .) has to be specifically modeled for each 
class of solid propellant based on the prevailing physical mechanisms. For 
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chemicai reactions respectively controlled by a second order kinetics or 
mass diffusion or a simple combination of the two processes, generalizing 
a suggestion by Merkle et al., 25 one can write 

(r' s (P,R)) = /(P)Y 2 exp[£ g (l/Y / - 1)] (39a) 
(T' g (P,R)) = f(P)Y? 3 /Yr (39b) 
(T' g (P,R)) = f (P) I {YJ' 4 / Yf + Y f 2 exp[ - E g (l/Y/ - 1)]} (39c) 

The above expressions are recommended for nonmetalized AP-based com- 
posite propellants. 

For DB propellants, the following crude but convenient expression was 
deduced from the specialized work by Zenin 47 : 



(t'JP,R)) = f(P) 



exp {if-) + exp ( z 



<31T, 



(40) 



If only pressure dependence is accepted for the characteristic gas-phase 
time parameter, its value can be obtained by a steady-state energy balance 
written at the burning surface under adiabatic conditions 

yielding by substitution [see Eqs. (24), (28), and (75)] the following non- 
linear relationship of general validity: 



H g y + 1 



R «>, , P(7 + 1) + 7 



F(a,£, r ,R 2 (T g )) 



1 + a 



= C c (0) d6 - H s - 2^c) (41a) 

For the common configuration of a = 0 and P = 1 and if the linearized 
heat feedback is enough to recover the steady-state burning rate (see Sec. 
III. F. 1.), one easily finds 

(7 + \)H e 

W g {P,R)) - < T ;(P)> = — (41b) 



i? 2 (/ 0 6J C C (@) d© - H s - 2// c ) 



It will be seen in Sec. III.C.4. that for the particular case of 7 = 0, the 
above relationship exactly recovers the characteristic gas-phase times tacitly 
assumed by the linearized KTSS type of transient flame model. The char- 
acteristic gas-phase times implemented by MTS, CS, and the nonlinear 
aversion of KTSS type of transient flame model require instead the more 
general form of Eq. (41 a). 

Finally, the overall approach for transient modeling of spacewise thick 
flames consists of the following. First, X f (P) is experimentally measured 
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or assumed known under steady operations; from this y (P) is evaluated 
by a best fitting procedure and (ig(P)) is computed through Eq. (24) [or, 
equivalently, (j g (P)) is computed through Eq. (23)]. Then, under nonsteady 
operations, the instantaneous (t'^P,R)) [or, equivalently, (r g (P,R))} is 
computed through a proper submodel by just introducing the instantaneous 
values of the relevant quantities. The transient flame thickness X f (r) at 
this stage is computed backward through Eq. (24) [or Eq. (23)] . It is obvious 
that the simple mass balance across the burning surface, in terms of either 
Eq. (23) or (24), is the pivotal point for the whole procedure. An example 
of this procedure is reported in De Luca and Galfetti 15 for a catalyzed DB 
propellant. 

The above procedure is the one implicitly followed by KTSS as well. 
Notice that CS on the contrary starts from a computed value of X f (P), 
but then assumes the unsteady behavior by putting X f (j) ~ R(t) instead 
of the complete Eq. (23); notice also that the expression used by BDP 
modelers 98 in general for flame thickness is just Eq. (23) rewritten with a 
set of different_nondimensional variables. An_alternative approach is to 
start from (t^(P,7R)) [or, equivalently, (T g (P,R))] and then properly im- 
plement the above procedure; this is the approach followed by MTS. De- 
tails are given in next section. 

The overall approach just presented ideally implies that the structure of 
the volumetric heat release rate is first experimentally deduced, for the 
specific propellant under test, and then combined with a realistic dynamic 
behavior of the associated flame region. Therefore, once properly cali- 
brated through the relevant form of Eq. (38), the a$y transient flame 
model should in principle approximate reasonably well the conductive heat 
feedback of complex macroscopic patterns in real flame kinetics. For flames 
of metalized propellants or in general having high particle concentrations, 
the radiative heat feedback also is important; for steady operations this is 
discussed in Chapter 6 of this book by Zenin and in recent papers by 
Brewster and coworkers. 58-60 Unfortunately, radiative contribution is not 
yet considered in any of the current transient flame models. 



4. Survey of Quasisteady Transient Flame Models 

KTSS linearized heat feedback 1 is obtained as a particular case of Eq. 
(32) for a = 7 = 0 and (jg), assumed to be of diffusive nature, written as 

W)> - <Ti(J0> = m$ _\ _ W) (42) 

Notice that the value W di = R/X f , estimated by KTSS for the volumetric 
heat release rate (page 281 of Ref. 1), is also obtained as a particular case 
of Eq. (27) for a = 7 = 0. 

KZ linearized heat feedback 16 is obtained as a particular case of Eq. 
(32) for a = 7 = 0 and (t>), assumed to be of kinetic nature, written as 

W g (P)) - (<i(P)) = (43) 
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where 3 is the reaction order of the overall chemical kinetics in the gas 
phase. £ is a parameter taken as a constant in the original model; actually, 
it should be 

t-mo- ** 8 --^-^ (44, 

in order to make the model able to reproduce accurately the propellant 
steady-state burning rate. With the position of Eq. (44), KTSS and KZ 
heat feedback laws coincide. 

LC linearized heat feedback 17 is obtained as a particular case of Eq. (32) 
for a = 7 = 0 and (t^), assumed to be of the same (unidentified) nature 
during steady or unsteady operations, written as 

W> - m "i Z H,) < 45 > 

If the same formalism is used for surface pyrolysis (see Section III. B.), 
KTSS and LC heat feedback laws coincide. 

Thus, for the particular case of a = 7 = 0 (necessarily implying (3 = 
1) the classical linearized results first provided by KTSS, and later by KZ 
as well as LC, are recovered. KTSS, KZ, and LC all assume the chemically 
active portion of the gas phase attached to the burning surface (anchored 
flame) and featuring a volumetric heat release rate distribution uniform in 
space (rectangular pulse). (See the sketch in Fig. 3a.) Considering the wide 
similarity existing among KTSS, KZ, and LC approaches, these flame 
models will collectively be referred to as the KTSS type of flame. Notice 
that all of them assume the condensed phase as being chemically inert and 
having constant specific heat as well as thermal conductivity, whereas for 
all of them the gas-phase features a = 7 = 0 and <Tg) = <Tg(P)) only. 
Although commonly implemented in their linearized version, all of them 
can be used in the corresponding nonlinear version as well. The close 
similarity among KTSS, KZ, and LC linearized flame models was verified 
in a detailed numerical study of pressurization transients by Kooker and 
Nelson. 61 

The MTS heat feedback 25 was originally determined in terms of (t£). 
Following the GDF steady-state model, 98 two limiting cases were consid- 
ered to evaluate the spatial distribution of the volumetric mass reaction 
rate. At high pressure and high temperature, burning was assumed con- 
trolled by diffusional mixing (little dependent on local properties) just as 
in the KTSS flame: 

VA=^ 0< J>£' (46a) 
e g p g /p c = 0 X > x f 

At low pressure and low temperature, burning was assumed controlled by 
chemical kinetics (strongly dependent on temperature) just as in flame 
sheet: 

E ,p g /p c = WJ>{X - X f ) (46b) 



The two constants assigning the respective volumetric mass reaction rates 
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can be obtained from the normalization constraint of Eq. (27): 

W di = R(r)/X f (T) (47a) 

corresponding to the familiar KTSS flame (a = 0 and 7 = 0), and 

W ki = R(j) (47b) 

corresponding to Dirac S(X - X f ) function (a = 1 and (3 = 0). By analogy 
with the GDF steady-state model, the overall space distribution of the 
volumetric mass reaction rate was then assumed to be given by the following 
weighted average 



w ki s(x - x f ) + 



8 p c V(t;> 

where, respectively (see sketch in Fig. 3c), 



V<ju> 

V<Tl> 



w, 



VRKpM) = A m j exp 



2 



Y, 



- 1 



(48) 



(49a) 



is a kinetic time parameter deduced by assuming a second order reaction 
occurring wholly at the highest temperature Y / . 



V(T' di (P,R)) = B„ 



Y 5 / 6 

pl/3Y7/8 



(49b) 



is a diffusion time parameter deduced by assuming that the diffusional 
mixing rate of fuel pockets with the surrounding atmosphere of oxygen 
rich gases (for AP-based composite propellants) depends on both surface 
and flame temperature; and 



V(t'JP,R)) = V(T' dl (P,R)) + V<tUp,R) 



(49c) 



is a reaction time parameter conveniently assumed to be a simple combi- 
nation of the two above limiting cases. This last relationship was shown 
by Steinz et al. in 1969 to represent the pressure dependence of the burning 
rate quite accurately for a wide range of composite propellants" and also 
to describe the depressurization extinction correctly for composite and, to 
some extent, DB propellants. 25 Upon substituting Eq. (48) into Eq. (21), 
the MTS heat feedback is obtained as 



H g R 



VWi) exp(-R 2 (j' g )) 



+ 



1 - exp(-R 2 (Tp) 

R 2 (7>) 



(50) 



whose overall flame is again anchored to the burning surface, but features 
a nonuniform distribution of volumetric heat release rate in space resulting 
from the sum of a uniformly distributed diffusive flame as in KTSS approach 
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and a very sharp premixed flame as in the flame sheet approach. See sketch 
in Fig. 3c. 

Notwithstanding its sophistication, it is recognized that the whole MTS 
approach depends on the arbitrary assumption of Eq. (49c) and choice of 
A m and B m constants. These two constants are determined for each pro- 
pellant by the best fitting of measured steady-state burning rate over any 
wanted pressure range. Being a double fitting, the procedure is a bit tedious 
and may not always produce satisfactory results; in any event, the steady 
burning rate has to be incorporated in the transient flame model necessarily 
with some tolerance depending on the propellant nature and investigated 
pressure range. Illustrative examples are reported in Merkle et al. 25 (Table 
1), De Luca 6 (Fig. 24), and De Luca et al. 62 (Figs. 2 and 3). 

MTS heat feedback 25 can be obtained as a particular case of Eq. (28) if 
the same weighted average procedure is repeated; in addition (-T g (P,R)) is 
obtained as a particular case of Eq. (38) by combining Eqs. (39a) and (39b) 
in Eq. (49c) as suggested by MTS. Notice, however, that the Eqs. (39a) 
and (39b) implemented by afiy approach have a more general validity than 
the corresponding Eqs. (49a) and (49b) implemented by MTS, therefore 
avoiding the double fitting procedure and subsequent accuracy problems 
in reproducing steady-state burning rate. 

CS heat feedback 23 was deduced from a flame sheet model with reference 
to high pressure burning of solid monopropellants. It was cast in terms of 
X f , in this instance meaning the flame standoff distance from the burning 
surface (see the sketch in Fig. 3b). The CS heat feedback can be written 
as 

q„(P,R) = H g Rexp(-RH^)) (51) 

where 

< T ;> - <t;(P)> = p ^ ^ (52) 

c c (©) d® - h, - 2X 

Jo 

The CS heat feedback can be obtained as a particular case of Eq. (28) for 
a = 1 (which makes irrelevant the value of y) and p = 0 if proper care 
is taken of the unique nature of the Dirac 8 function; likewise (i' g ) can be 
deduced from Eq. (41 a). 

D. Further Assumptions and Equations 

A burning propellant requires at least the following four basic steady- 
state dependencies on pressure to be properly identified: in dimensional 



terms 

^ b = r b,iet(p/Piet)" experimental burning rate (53) 

T s = T s Kf {plp Tef ) nT ' experimental surface temperature (54) 

Qs = Qs,reiiplPrei)" Q! experimental surface heat release (55) 



T f = T f>iet (p/p [et ) nT f experimental or computed flame temperature 

(56) 
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Should any of these pieces of information be missing, then appropriate 
assumptions have to be made, which would however transform the problem 
under scrutiny into an exercise of limited use. Experimental knowledge of 
steady behavior in this work is a prerequisite to solve unsteady problems 
or predict intrinsic stability. As to the flame temperature, in general results 
from Standard thermochemical codes are adequate as long as the operating 
pressure is enough larger than the corresponding pressure deflagration limit 
(PDL); in some cases, e. g., to evaluate the dark-zone temperature of DB 
propellants, experimental information can easily be provided. Additional 
pieces of information, needed to fully identify a burning sample, strictly 
depend on the propellant nature and require specialized treatments; an 
example is reported in De Luca and Galfetti 15 for a catalyzed DB pro- 
pellant. 

For future developments in this chapter (cf. Sec. VI. C. 7.), it will be 
convenient also to know the temperature sensitivity of the propellant burn- 
ing rate. This property can be evaluated by means of any flame model (cf. 
Sec. III. E. 4.), but in this instance an empiric correlation is preferred to 
avoid interfering effects. Keeping the same formalism used above for other 
steady-state properties, one can write (see, for example, page 193 in Ref. 



(j p = apj C i(plp K i) n " experimental temperature sensitivity (57) 

Finally, any forcing term acting on the burning propellant from outside 
has to be explicitly assigned in time: typically 



according to the wanted pressure and/or radiation driven transient burning. 

The set of equations introduced throughout Sec. III. A. to III. D. is now 
complete, but difficult to handle. For intrinsic stability analysis to be per- 
formed, some kind of tax has to be paid: predictions can be made in either 
a rigorous way by linearization (see Sec. V) or an approximate nonlinear 
way (for example by an integral technique, see Sec. VI). 

E. Condensed-Phase Steady-State Results 

Analytical expressions of the steady-state thermal profile in the con- 
densed phase provide the initial condition for the intrinsic burning stability 
analyses presented in this chapter [see Eq. (78) for a linear treatment and 
Eq. (106) for a nonlinear treatment] and possibly also for the numerical 
solution of the governing set of equations presented by Galfetti et al. in 
Chapter 16 [see Eq. (2)]. In addition, steady-state thermal profiles offer 
a way to check or deduce thermophysical properties (as discussed by Zan- 
otti et al. in Chapter 5). Other results of interest are the first integral of 
energy in the condensed phase and the heat feedback, from the gas phase 
to the burning surface, required by the condensed phase to operate under 
steady-state conditions. 



63). 



P(t) = externally assigned 
F q (t) = externally assigned 



(58) 
(59) 
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1. Steady-State Thermal Profiles 

The possible presence of distributed chemical reactions is in general 
difficult to take into account and requires the implementation of specialized 
analytical techniques, such as matched asymptotic expansions. Thus, the 
results of this section are restricted to chemically inert condensed phase. 
Under these circumstances, the governing energy conservation equation 
for the condensed phase (see Sec. III. A.) is simply 



- d© d 
C ^dZ=d^ 



« e > fx 



+ F 0 f(X) (60) 

-oo) = © 0 (61) 

@(X = 0) = & s (62) 

For temperature independent thermal properties, i. e., C c (@) = K c (&) 
= 1, and monochromatic external radiation impinging with constant in- 
tensity F 0 on a condensed phase having average surface reflectivity r x and 
absorption layer thickness 5 X , one readily obtains 

@(X) = @ 0 + (0, - 0 O ) exp(X^) 

+ F 0 ^ " [exp(X/Sj - e xp(XR)j (63) 
K - 1/6 X 

including as a particular case the classical exponential profile of the purely 
conductive thermal wave for no impinging radiation (denoted as "Mich- 
elson profile" in the Soviet literature). 

Steady thermal profiles can be found by means of the following trans- 
formation: 

F(&) = R f C c (0) d© (64) 

J 0o 



and 



J(X) = F 0 f_J(X) dX (65) 



by which the energy conservation equation for the condensed phase and 
associated boundary conditions [see Eqs. (60) and (62)] become 

F(0) = K e (@) ^| + J(X) (66) 

®(X-> -oo) = 0 O (67) 
®(X = 0) = 0, (68) 

For example: for no impinging external radiation, constant specific heat 
C c (0) = 1, but linearly variable thermal conductivity, one finds 

F(@) = i?(@ - @ 0 ) K c (®) = 1 + b@ J(X) = 0 
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leading, after some algebraic work, to the following implicit form solution: 



e, - 0 n 



exp 



( ®(X) - 0 O _ 1 



V 0, 



exp 



©o 
XR 



^c(0 O ) 



1 



(69) 



Imber, 64 who first derived the above expression, proposed to rather use 
the following approximate but explicit expression 



®(X) s © 0 + (® s - @ 0 ) exp 
where the function f(K c ) is defined as 
f(K c ) 



1 + 0.75 {[K c (® s )/K c (® 0 )] ~ 1} 



(70) 



(71) 



For a crystalline transition of AP occurring at T tra with associated changes 
of thermophysical properties (most important is thermal conductivity), one 
finds in the orthorhombic phase (X < X tra < 0) 

®(X < Z tra ) = 0 O + (0 tra - 0 O ) expp?(* - *,„)] (72) 

whereas in the cubic phase (0 > X > X tra ) 

@(X > X tn ) 

_ 0 tra + (® s ~ 0tra) exp( ~ fla ref /a cub jQ - ® s exp(-i?a ref /a cub X tra ) 



1 - exp(-7?a ref /a cub X tra ) 



(73) 



where AT tra is the thickness of the crystalline transition layer provided by 
experiments (see Chapter 5 by Zanotti et al.) and a cub = & cllb /p cub /c cub the 
thermal diffusivity in the cubic phase. 



2. First Energy Integral 

By integrating once the partial differential equation (PDE) of Eq. (1), 
imposing reference temperature and adiabatic condition at the cold bound- 
ary (X — » - °°) , the following expression is readily obtained under steady- 
state operations 

R f° C c (0) d© = K c (&) d " 



d^ 

+ t 0 r kx) dx + h c r 8 C (©) dx 



(74) 
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yielding in particular for the conductive thermal flux at the burning surface 

= R J o C c (@) d® - R - XH C ~ F 0 (75) 

valid in the general case of multiple consecutive reactions [thanks to the 
normalization requirement of Eqs. (14) and (15)] and variable thermal 
properties. This relationship will turn out useful in the intrinsic stability 
analysis discussed in Sec. VI. 



<lc,s = 



d© 
dX 



3. Steady Heat Feedback 

Under steady-state operations, the boundary condition of Eq. (4) can 
conveniently be used to evaluate the heat feedback requested by the 
condensed phase independently on any information about the gas-phase 
structure. One immediately finds 



RHs + #out 

and replacing q c s with Eq. (75), 

C c (0) d© - H s - ^H c 



= R 



- F 0 + q 0 



(76) 



(77) 



valid again in the general case of multiple consecutive reactions and variable 
thermal properties. This relationship will turn out useful in Sec. III. F. 1. 



4. Burning-Rate Temperature Sensitivity 

The sensitivity of steady-state burning rate to initial temperature can 
immediately be derived from any flame model. However, this is only a 
futile exercise if the appropriate steady-state dependencies T s (p,T 0 ) and 
Q s (p,T 0 ) are not known; notice that T f (p,T 0 ) can in principle be deduced 
from Standard thermochemical codes with reasonable accuracy. Interested 
readers might wish to consult on this point the theoretical considerations 
by Novozhilov in Chapter 15 and experimental results by Kubota in Chapter 4. 



F. Gas-Phase Quasisteady Results 

The illustrative results of this section were obtained for the sarae test 
case used in the Ph. D. thesis of the author. 6 The tested solid propellant 
is a nonmetalized AP-based composite using polybutadiene acrylic acid 
(PBAA) as binder and of nominal composition AP:PBAA/80:20; the re- 
lated data set is shown in Table 1. The set of properties is intentionally 
kept as simple as possible to avoid interfering effects when trying to elu- 
cidate the main trends and to verify if previous results are recovered. 



1. Quasisteady Gas-Phase Working Map 

Working maps with quasisteady gas phase can usefully be constructed 
for any wanted pressure range and set of properties. For the selected test 
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Table 1 Properties of composite propellant AP:PBAA 80:20 No. 941 used as 


Standard test case 3 




Assumed or measured properties 




AP weight fraction, 4» 


80% 


Condensed density, p c 


1.54 g/cm 3 


Condensed specific heat, c c 


0.33 cal/g K 


Condensed thermal diffusivity, a c 


1.400 £-03 cm 2 /s 


Initial temperature of sample, T 0 


3.000 E + 02 K 


Minimum temperature for reactions, T min 


3.000 E + 02 K 


AP crystalline transition temperature, T tra 


5.130 E + 02 K 


Burning surface activation energy,^ 


1.600 E + 04 cal/mole 


Pyrolysis law pressure power, n s 


0 


Gas activation energy,^ 


2.000 E + 04 cal/mole 


Gas thermal conductivity, k g (p) 


2.000 £-04 cal/cm s K 


Gas specific heat, c s (p) 


0.33 cal/g K 


Average molecular mass of gas products, M 


2b g/mole 


ap7 flame model parameters 


<*(/>) = o, po») = i,-y(p) = i 


Burning rate, r h (p) 


0.837 (pfpJjT 6 


Burning surface temperataure, T s (p) 


1000 (p/p nl )°-°» 


Surface heat release, Q s {p) 


158.2 


Burning rate temperature sensitivity, u p {p) 


3.077 £-03 (p/p re[ )~ 0 075 



Computed properties 
Condensed thermal conductivity, k c 
Condensed thermal responsivity, T c 
Adiabatic flame temperature, T f (p) 

Reference properties 
Pressure, p Kt 
Temperature, T ref 
Length, x ref 
Time, t re! 

Condensed heat sink, Q rcf 
Gas heat release, Q gticf 
Flame thickness, jc /ref 
Thermal flux, q t< , f 



7.115 £-04 cal/cm s K 
1.902 £-02 cal/cm 2 Vs K 
2430 {p/pjr* 



68 atm 

3.000 £ + 02 K 
16.73 £ - 04 cm 
1.998 £-03 s 
2.310 £ + 02 cal/g 
5.447 £ + 02 cal/g 
65.31 E — 04 u.m 
2.978 £ + 02 cal/cm 2 s 



"Surface heat release positive if exothermic. 



case, sample results are shown in Fig. 4 for a transient flame whose char- 
acteristic time depends solely on pressure. The plots of Fig. 4 evidence, 
at each operating pressure, the well-known behavior of heat feedback 
provided by thermal flame models; for comparison, the linearized solution 
(q gs ~ l/R) is also shown. The curves crossing the figure diagonally from 
bottom left to top right represent the heat feedback required by the con- 
densed phase to sustain steady burning, at reference ambient temperature, 
under adiabatic (q = 0) or diabatic (q =f= 0) conditions. These curves 
mainly depend on initial temperature and diabaticity of the propellant 
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N0ND1M. WEAT FEEDBACK, q s> 

Fig. 4 Burning rate vs heat fcedback for nonlinear and linear versions of afiy 
flame model showing the existence of diabatic deflagratlon limits; a$y model 
[7 = 0 and <Tg(P)) only pressure dependent] and Q s = 158.2 cal/g. 



sample, but, if variable properties are enforced, then some pressure de- 
pendence is found for these curves as well. 

Therefore, two families of curves are generated describing respectively 
the transient heat feedback provided by the gas phase [see Eq. (28)] and 
the steady heat feedback required by the condensed phase [see Eq. (77)]; 
both are in principle pressure dependent. Where the two families of curves 
overlap (for a selected set of operating pressure, initial temperature, and 
diabaticity), the steady-state solution valid for the overall combustion wave 
is singled out. For the simple test case computed in Fig. 4, pressure effects 
are limited to the gas phase; an example of pressure effects acting on the 
condensed phase as well is reported in De Luca 14 (Fig. 2). 

The effects of positive diabaticity are obvious; burning rate increases 
whereas heat feedback decreases with respect to the adiabatic case. The 
opposite effects are seen for negative diabaticity, but with an additional 
relevant result: steady-state solutions are no longer allowed if heat losses 
are too large with respect to the heat feedback furnished by the gas phase. 
For example, it is seen in Fig. 4 that at 10 atm burning solutions are found 
for 40 cal/cm 2 s of heat loss but not for 60 cal/cm 2 s; whereas at 20 atm 
burning solutions are found for 60 cal/cm 2 s of heat loss but not for 80 cal/ 
cm 2 s. Stability analyses will show that only the higher burning rate solution 
is stable and can be observed under steady operating conditions (see Sec. 
VI. C). Boundaries for the existence of steady-state solutions are easily 
deduced by plotting curves of the required condensed-phase steady heat 
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feedback for several values of diabaticity (or ambient temperature or any 
other pertinent parameter); the resulting trend is that larger combustion 
pressures are able to support larger heat losses without suffering extinction. 
These boundaries for existence of solutions or, better, "diabatic deflagra- 
tion limits" (i. e., due to heat losses) are different from stability boundaries, 
which require more sophisticated analyses. Systematic results are reported 
in De Luca et al. 62 (Figs. 31-33) and De Luca et al. 65 (Fig. 12). 

2. Quasisteady Gas-Phase Structure 

The heat feedback curves of Fig. 4 are replotted in Fig. 5 vs burning 
rate, together with flame temperature and flame thickness; the locus of 
steady adiabatic solutions is also indicated. While flame temperatures tend 
to coalesce for large burning rates, flame thicknesses manifest a linear 
dependence on burning rate; both sets of curves are parametrically de- 
creasing for increasing pressures. The results of Figs. 4 and 5 were collected 
by enforcing the a^7 transient flame model with a = 0, (3 = 1, and y = 
0; therefore, identical plots would be found by implementing KTSS, KZ, 
or LC models. However, as discussed in Sees. III. C. 3 and III. C. 4., the 
effects of a larger flame thickness can be studied only by enforcing the a3y 
model. By just putting y = l, the flame thickness doubles (but still is 
linear vs burning rate), the heat feedback slightly decreases, whereas the 
flame temperature is not sensibly affected. 



Fig. 5 Heat feedback, flame temperature, and flame thickness vs burning rate 
showing flame thickness increasing linearly with burning rate; afiy model [7 = 0 
and (Tg(P)) only pressure dependent] and Q s = 158.2 cal/g. 




5 



NONDIM. BURNING RATE, R 
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If, in addition, one allows temperature dependence for the gas-phase 
characteristic time, for example through a diffusive [see Eq. (39b)], then 
the results of Fig. 6 are collected. Notice that, under these operating con- 
ditions, the dependence of flame thickness vs burning rate is no longer 
linear, in particular in the low burning rate region. The same trend would 
be found if temperature dependence through a purely kinetic mechanism 
were enforced [for example, following Eq. (39a)] or a combined kinetic + 
diffusive mechanism [for example, following Eq. (39c)]; in particular, MTS 
and CS models both feature a flame thickness which is nonlinear vs burning 
rate. 

Increasing flame thickness implies, in general, a weakening of the en- 
ergetic coupling with the condensed phase at the burning surface and thus 
less response to disturbances (see Sec. V. D. for a linear analysis and Sec. 
VI. C. 5. for a nonlinear analysis); dynamic extinction may occur if dis- 
turbances are strong enough (see Sec. VI.E.l.). This weakening is more 
pronounced for flames anyhow allowing temperature dependence of the 
characteristic gas-phase time, ultimately leading to a further decrease of 
the intrinsic combustion stability properties. 

For a matter of space, only the summarizing picture of Fig. 7 is given, 
where the characteristic gas-phase time parameter is plotted vs burning 
rate for several gas-phase submodels. The opposite trends between dif- 
fusion and kinetics controlled mechanisms, in the low burning rate region, 




NONOH. BURNING RATE , R 

Fig. 6 Heat feedback, flame temperature, and flame thickness vs burning rate 
showing flame thickness increasing nonlinearly with burning rate; afiy model 
[y = 1 and (-r' g (P,R)} diffusive] and Q s = 158.2 cal/g. 
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NONOM. BURNING RATE , R 



Fig. 7 Characteristic gas-phase time parameter decreases for burning rates 
above steady values and changes dramatically for low burning rates according to 
the implemented flame structure. Flame model code: 5 = (t«(P)); 6 = (j' e (P,R)} 
diffusive; 7 = (r' s (P,R)) kinetic; 8 = (j' s (P,R)) diffusive + kinetic; all flame 
structures obtained from a$y model with 7 = 1 and Q s - 158.2 cal/g. 

are dramatic; on the other hand, the behavior of the submodel with char- 
acteristic gas-phase time only pressure dependent is trivial. Note that the 
striking results of Fig. 7 are also due to the convenient but peculiar defi- 
nition of (j'); see Eq. (22). Attempts to combine diffusive and kinetics 
effects, in the spirit of MTS flame, were performed according to the simple 
formulation of Eq. (39c); for this simple exercise the results of Fig. 7 
evidence that the diffusion mechanism is dominating, but, in general, the 
results will depend on how the two effects are combined. The main message 
from these results is that basic knowledge is badly missing in this area. 
Moreover, fundamental mechanisms are tightly related to the nature of 
the burning propellant. Approaches based on artificial mechanisms may 
be deceiving. Combustion dynamics and intrinsic stability heavily depend 
on the details of the implemented kinetic scheme; in comparison, any other 
factor vanishes. All this underlines the effects of different flame models 
and thus the importance of appropriate flame modeling. 

IV. Nonsteady Burning 

Nonsteady burning requires knowledge of the instantaneous values of 
many parameters. In general, this can only be accomplished by numerical 
integration of the governing set of equations; under some circumstances, 
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however, analytical solutions can also be obtained (e. g., by small pertur- 
bation expansion in Krier 66 ). If instantaneous values are not required, 
intrinsic stability analyses (developed by a linear approach in Sec. V and 
a nonlinear approach in Sec. VI) offer a sensible help in understanding 
transient combustion. At any rate, numerical integration still is important 
because it allows one to check and/or validate the results from analytical 
stability analyses, for example by evaluating frequency response functions 
under nonlinear conditions or detecting dynamic extinction limits by go/ 
no go runs. Numerical computations of nonsteady burning is treated by 
Galfetti et al. in Chapter 16. Direct measurements of time-dependent prop- 
erties still are too impervious even for the most advanced experimental 
techniques; limited results obtained in the past are discussed by Kuo et 
al., 42 whereas modern trends in diagnostic techniques are presented in 
Chapter 8 by Parr and Hanson-Parr. 

V. Linear Frequency Response Function 

Within the framework of a linear thermal theory, the frequency response 
function of a burning propellant surface is considered. The forcing term is 
a sinusoidal fluctuation with angular frequency w of either pressure or 
(external) radiant flux; velocity coupling is not considered. The problem 
under study is sketched in Fig. lc. While the presentation of this section 
is based on the extensive work on pressure driven frequency response by 
Culick (Refs. 2 and 18-20 and also Chapters 6, 7, and 10 in Price and 
Culick 22 ), the discussion on radiation driven frequency response will follow 
the pioneering work by Mihlfeith 67 ; note that progress in the latter area is 
reported in a recent paper by Finlinson et al. 68 

It is wished to predict the fluctuation of burning rate subsequent to an 
externally controlled fluctuation of the forcing term. In Fig. lc, the con- 
densed phase translates toward right with speed r b and, therefore, the 
surface position fluctuates between two unknown locations, x = s~ and 
x = s + , across the mean equilibrium position x = 0. The basic set of 
physical assumptions discussed in Sec. III is maintained; in addition, the 
condensed phase is assumed chemically inert and thermophysical properties 
are constant. The basic mathematical assumption of linear theories is that 
all time-dependent variables (..) can be expressed as the sum of a steady- 
state value and a small disturbance of the type (..)' • e'"", whose amplitude 
must be determined but is always much smaller than the steady-state coun- 
terpart. The flame modeling approach requires the energy equations to be 
properly treated in the condensed and gas phases, and then combined in 
some useful way taking into account their matching at the burning surface. 
This is shown in Sec. V. A. (basic approach), Sec. V. B. (pressure coupling), 
and Sec. V.C. (radiation coupling); comparative results of pressure vs radia- 
tion driven frequency response functions are then discussed in Sec. V. D. 

A. Basic Approach 

To make easier the comparison of the results from this section with a 
well established body of literature, the nomenclature of Sec. V will not 
resort to the set of nondimensional variables used everywhere else in this 
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chapter. Ali mathematical developments are now in dimensional terms; 
any reference to other parts of this chapter will then require a proper 
change of variables. In the spirit of linearized theories, the solution is 
assumed of the type 

T(x,t) = T(x) + T'(x) ■ e ,M (78) 

where T(x) is the steady-state solution (see Sec. III. E. 1.) and T(x) has to 
be determined. The combustion surface demands a matching between con- 
densed- and gas-phase temperature profile as well as mass consumption. 
The matching condition of mass consumption for quasisteady gas phase 
[cf. Eq. (34)] is simply 

m s = rh g = m (79a) 

for the steady portion and 

m' (79b) 

for the fluctuating portion, where m = p c r b is the steady-state mass burning 
rate and m' the corresponding perturbed quantity. Arrhenius surface py- 
rolysis [cf. Eq. (17)] provides the burning mass fluctuation as 

m * - » P' -i. ^ s T * .on v 

m s ~ n *l> + ^% (80a) 

whereas KTSS surface pyrolysis [cf. Eq. (18)] provides the burning mass 
fluctuation as 

= nX + (80b) 
m s p T s - T 0 

thus the two pyrolysis laws imply the following identity between the per- 
tinent parameters at each pressure 

wXp) s §t s " EAp) Il ^T " A{p) (81) 

The matching condition of energy flux for a transparent condensed phase 
gives 

(?;,)*♦ = WcJ)s- - m'Q, + m(c g - c c )T s (82) 

This relationship contains all wanted information but requires an explicit 
formulation of the fluctuating thermal flux at the burning surface from the 
gas-phase side (q g!S X+ and to the condensed-phase side (q c ^)' s -) they will 
be furnished by perturbing the corresponding energy equations as follows. 
The surface temperature fluctuation is provided by the proper Eq. (80). 

The condensed-phase energy equation is obtained from Eq. (1) (re- 
written in dimensional terms), by putting e c H c = 0 and C c (@) = 
K c (&) = 1 • Following Mihlfeith 67 (page 33) for monochromatic radiation 
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the solution is found to be 

T'(x) = T' co exp(\r b x/a c ) 

(i - \K 



+ 



PcC c (a c fl„ - r b - mla x ) 



- ^ exp(kr b x/a c ) - exp(fl x x) 
a r b 



(83) 



where T' co is the disturbance amplitude of the surface temperature due to 
conduction only and X the complex characteristic root (with positive square 
root of its real part to avoid divergence of the solution at the cold propellant 
boundary for x -* - °°) defined as 



X = 



1 + Vl + /4waJr5 



(84) 



The fluctuating portion of the condensed-phase thermal gradient at the 
burning surface is 



k e (dr/dx),- = k c (dT'/dx) 0 - + x s k c (d 2 Tldx 2 ) Q - + 



(85) 



and, to adopt the inertial coordinate system of Fig. lc, can be evaluated 
by means of a Taylor expansion around the mean position x = 0 (Refs. 
18,69) as shown above with 



Pc*s 

m 



«co m 



Finally, the perturbed thermal flux at the condensed-phase side, for neg 
ligibly small values of the average external radiant flux, is 22,67 

T, - T 0 m' 



(q' c J s - = mcA ^ + 



m 



mc r K 



p c c c (oL c a K -r b - iu>/a x ) \Xr, 



(87) 

The limitation of I 0 — » 0 has recently been relaxed by Finlinson et al. 68 

The gas-phase energy equation is obtained from Eq. (20) (rewritten in 
dimensional terms), but requires modeling of the volumetric mass reaction 
rate. Following Price and Culick 22 for a sharp flame with a reaction order 
(3 and overall rate proportional to p p • exp( — E g ) ■ b(x — Xj), the heat 
feedback is 



4 c„ m 



Q g - c g (T f - T s ) 



(88) 



and the perturbed thermal flux at the gas-phase side is found in its most 
general form as 

(89) 



q' g , s = 3 — - p ^ 
s m p 



- E '- 1 
T f 



Following KTSS 1 for a distributed flame represented by a rectangular 
pulse and generalized in the framework of afiy model [see Eqs. (27), (33), 
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and (47a)J the heat feedback is 



m 



(Y + 1) 



1 - exp 



-m-x f 



(90) 



which in turn can be conveniently linearized (in the sense mc g lk g x f » 1) 
as 



yielding the following perturbed thermal flux at the gas-phase side 



= Q g ^ (Y + D 



W* 

w, 



di 



m 
m 



where 



and here 



Q> 



*&E» (y + nS = mw p -c(f 

- m {1 } W di p p c{ s 



T 0 ) 



(91) 



(92) 



(93) 



W p (p) - n 



2(1 



is a computable property of the burning propellant. 20 

Ali of the necessary ingredients are now available to obtain the wanted 
frequency response function by substituting Eqs. (80), (87), and (89) or 
(92)_into Eq. (82). Whenever needed, the flame temperature fluctuations 
T'fITf can be derived from an integral energy balance throughout the gas 
phase [cf. Eq. (36)]: 



q g , s = m[Q g - c g (T g - T s )] 



(94) 



Note that Q g has been assumed not fluctuating in all developments of this 
presentation. 

B. Pressure-Driven Frequency Response Function 

In the case of pressure- [or radiation-] driven combustion oscillations, 
the mass burning rate frequency response function is defined as a complex 
quantity 



m'/m 



or 



R, 



m'/m 



(95) 



whose real part gives that portion of the mass burning rate which fluctuates 
in phase with the pressure, thus allowing energy to be exchanged between 
the pressure waves in the gas phase and the burning surface. A positive 
real part of the frequency response function implies an amplification of 
the pressure waves. The frequency response function can be seen as an 
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index which measures the tendency of the combustion processes to drive 
waves and, ultimately, to trigger instability. 

From Eq. (82), for pressure fluctuations only (Iq = 0) and a sharp flame, 
using Mihlfeith's nomenclature one finds 22,67 

m'/m E s W kl + n s (C 5 + X) 
- (96) 



where 



and 



p'/p X + A/X - AU S + C 5 



_ c.E, - (EJ2)(T,/T f ) E s r ,- 



2 T f 2Q g - c g (T f - T s ) 



From Eq. (82), for pressure fluctuations only (7q = 0) and a distributed 
flame, generalizing a previous result obtained by Culick 20 for 7 = 0, one 
finds 

m' I m = (AW p + n s c g lc c ) + n£K - 1) 

p' I p X + A/X - AH S + c g /c c - 1 + E s A 2 c g /c c (y +1) 

where A 2 = (e,W di ^)/(T,m 2 c 2 ). 

Both pressure-driven frequency response functions can be cast in the 
Standard "two parameters" form first suggested by Culick 19 and since then 
commonly accepted in the literature. For the sharp flame, Eq. (96) becomes 

m' I m = nB + n s (\ ~ 1) 

p'/p X + AIX - (1 + A) + B { ' 

with B{p) = [E s W ki + n s {\ + C s )]/n (Ref. 22). For the distributed flame, 
Eq. (97) becomes the commonly found expression 

m' I m = nAB + n s (X - 1) 

p'/p X + A/X - (1 + A) + AB K ' 

with B(p) = (W p + c g /c c ■ n s IA)ln (Ref. 19). It is an easy matter to show 
that Eq. (99) includes the more general case of -y + 0 as well, where 
A(l - HJ = E s k 2 c g lc c (l + 1)- Note that besides the two parameters A 
and B emphasized by Culick, n and n s also are relevant parameters. 

C. Radiation-Driven Frequency Response Function 

From Eq. (82), for radiation fluctuations only (p' = 0) and a sharp 
flame, one finds 

TL = (E,/c c T,){[€ r (€, - X)]l[e r - t, - X(X - 1)]} 

r 0 X + A/X - AH S + C 5 { ' 

where i r = a x a c /r b is the ratio of thermal to radiant layer thickness. 67 
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From Eq. (82), for radiation fluctuations only (p' = 0) and a distributed 
flame, one finds 

= (Ejc c T s ){[(r(( r - MMg zAji X( > z M non 

I' 0 X + Al\ - AH S + c g lc c - 1 + E s A 2 c g /c c (y + 1) 

Because of Eq. (87), both results are limited to negligibly small values 
of the average external radiant flux. 

D. Pressure- Versus Radiation-Driven Frequency Response Function 

First notice that for radiation driven fluctuations, at any given frequency 
and independently of the flame model choice, a larger and larger trans- 
parency makes the condensed phase more and more insensitive to the 
fluctuating radiant flux intensity, as shown by the following limit 



hm = hm — — — - U (102) 

e^o [m /Io] op e^o €j - € r - \(\ - 1) 



This effect is obviously lacking in pressure driven fluctuations. Therefore, 
either theoretical or experimental provisions are to be taken if pressure 
driven frequency response functions are deduced from measured radiation 
driven frequency response functions. 

The choice of an appropriate flame model is anyway requested. Physi- 
cally, over a large range of pressure, distributed flames are considered 
more representative of AP-based propellant combustion than sharp flames 
(see Sees. II and III. C. 3.). Mathematically, any pressure driven response 
function has to respect 19 the static limit 

YY\ ' Iffi 

lim R p (<o) = lim — — = n (103) 

where n is the pressure exponent defined by the experimental steady-state 
burning rate law [Eq. (53)]. It is easily verified that the above constraint 
is always satisfied for the diffusion flame model [Eq. (97)], whereas the 
premixed flame model [Eq. (96)] requires a precisely computed value of 
the pressure exponent n s of the surface pyrolysis law [Eq. (17) or (18)]. 
For some typical cases performed with the dataset suggested by Mihlfeith, 67 
but correeted as diseussed below, a value of n s s 2 was found necessary 
for the premixed flame model to satisfy the static limit; this is suspect. 

The experimental determination of the pressure driven response function 
through radiation driven tests is possible for all propellants for which n s = 0. 
Indeed, from Eqs. (97) and (101), it is immediate to find 6 that for an 
opaque condensed phase 

R D (w)/R D (co = 0) 

— p p — = 1 (104) 

[R r (<o)/R r ( w = 0)] op 1 ; 

This result shows that there is only a scale faetor between the normalized 
pressure driven and radiation driven frequency response functions, for 
negligible values of the average external radiant flux and condensed phase 
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being optically opaque at the working wavelength(s). For increasing values 
of the average external radiant flux, the ratio defined in Eq. (104) decreases. 68 
Within this framework, the suggestion by Mihlfeith is promising. The 
computed original results 67 appear however questionable due to lack of 
internal consistency in the dataset. The correction can easily be performed 
and produces quite different trends [for example, see page 67 and Figs. 
27-30 (obtained by properly decreasing Q g ) in De Luca 6 ], but the basic 
idea is preserved. 

A wide range of results was collected for both pressure and radiation 
driven frequency response functions, implementing either distributed or 
sharp flame models. Previous representative results reported in De Luca 6 
(see Figs. 27-30) were obtained for the dataset used by Mihlfeith, 67 but 
limited to atmospheric pressure (p = 1 atm) and 7 = 0 (KTSS kind of 
distributed flame). For a matter of space, mainly results with distributed 
flames and n s = 0, in the range 0.1 to 70 atm, are now reported in this 
chapter (Figs. 8-13); recall that n s + 0 is requested by sharp flame models 
only. The dataset of Table 1 pertains to the same AP-based nonmetalized 
composite propellant used as test case in Sees. III and VI; however, ap- 
plications to frequency response functions required some changes: Q s was 
reduced from 158.2 to 100 cal/g (a much more realistic number) to avoid 
intrinsic combustion instability at low pressures. The effect of different 
flame models is emphasized in Fig. 8, comparing the real parts of the 
normalized pressure driven frequency response funetion: the strong re- 




1 10 100 

NONDIM. FREOUENCY, fi 



Fig. 8 Real part of normalized pressure driven frequency response funetion for 
distributed and sharp flame model in the pressure range 0.1 to 70 atm; ohPy 
model [7 = 0 and {i' g (P)) only pressure dependent] and Q s = 100 cal/g. 
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NONDIM. FREQUENCY, Q 

Fig. 9 Real part of normalized radiation driven frequency response function for 
opaque or transparent (1000 cm -1 ) condensed phase in the pressure range from 
0.1 to 70 atm; afiy model [7 = 0 and (Tg(P)) only pressure dependent] and 
Q s = 100 cal/g. 
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Fig. 10 Phase of normalized radiation driven frequency response function for 
opaque or transparent (1000 cm" 1 ) condensed phase in the pressure range from 
0.1 to 70 atm; afiy model [7 = 0 and {t' s (P)) only pressure dependent] and 
Q s = 100 cal/g. 
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Fig. 11 Real part of normalized radiation driven frequency response function 
for opaque or transparent condensed phase showing damping effect of large 
condensed-phase transparency (1500 to 250 cm 1 ) at 1 atm; ufiy model [7 = 0 
and (tg(P)) only pressure dependent] and Q s = 100 cal/g. 



sponse of distributed flames vs the negligible response of sharp flames is 
manifest, for the enforced dataset, over the entire pressure range; in ad- 
dition, both flames feature a weaker response for increasing pressure. The 
effect of operating pressure is also shown in Fig. 9 (real part of response) 
and Fig. 10 (phase), indicating a decrease of the real part and phase of 
normalized frequency response function for increasing pressure (confirmed 
by the experimental results of Fig. 12 in Chapter 19 by Mathes). Note also 
the different interplay between pressure and radiation driven frequency 
response functions, when pressure changes, due to different trends of the 
conductive thermal wave vs radiant layer (1000 cm -1 absorption coeffi- 
cient) in the condensed phase. The effect of the condensed-phase trans- 
parency on the normalized radiation driven frequency response function, 
at p = 1 atm and for an absorption coefficient ranging from 250 to 1500 
cm^ 1 , is shown in Fig. 11 emphasizing the peculiar effect of optical trans- 
parency. Within the validity of Eq. (104), the real part and phase of ra- 
diation driven normalized response with infinite condensed-phase opacity 
exactly coincide with those of pressure driven normalized response in Figs. 
8, 9, 10, and 11. 

The effect of physical parameters on response functions is easily assessed 
by parametric computations; an example is shown in Fig. 12 for the heat 
release at the burning surface Q s ranging from 25 to 125 cal/g, emphasizing 
that the real part R p re of pressure driven function increases with Q s (a 
destabilizing factor). This effect was first underlined by Krier et al. 1 (Figs. 
6, 9, 11) in terms of both pressure driven frequency response function and 
nonlinear computations. Finally, the effect of the gas-phase specific heat 
is shown in Fig. 13, where R p re at p = 1 atm is reported for c g going from 
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Fig. 12 Real part of pressure driven frequency response function showing 
destabilizing effect of large surface heat release (Q s = 25 to 125 cal/g) at 1 atm; 
aPY model [7 = 0 and <Ti(P)> only pressure dependent]. 



0.33 to 0.55 cal/g K; to stress the damping effect of the gas-phase specific 
heat on the resonance peak, a value of Q s = 125 cal/g was enforced. Note 
that all curves recover the static limit n = 0.46 for O — » 0. 

Similar information will be obtained by the nonlinear approximate sta- 
bility analysis carried out in Sec. VI, in particular with reference to the 
effects of surface heat release. 

E. Concluding Remarks 

The suggestion by Mihlfeith 67 of obtaining the pressure driven frequency 
response function by radiation driven tests is good, but requires experi- 
mental and theoretical care. Considering the difficulties and economical 
cost of experimental analyses (see Chapter 17 by Strand and Brown and 
Chapter 21 by Price and Flandro), this option is recommended; however, 
experimental and theoretical difficulties presently narrow the range of ap- 
plications to nonmetalized compositions. Besides the pioneering experi- 
ments performed by Mihlfeith 67 using a Xenon-Mercury arc lamp, tests 
are currently made with a CO z laser in several laboratories (e. g., Ref. 70). 
Systematic results are presented by Zarko et al. in Chapter 10; recent 
theoretical and experimental work is reported in Finlinson et al. 68 

The theoretical results achievable by frequency response functions se- 
verely suffer the strict limitations of any linear approach; however, non- 
linear effects also can be studied by higher order analytical expressions or 
numerical techniques (e. g., see Fig. 13 in Chapter 16 by Galfetti et al.). 
It should anyway be mentioned that the related combustion stability anal- 
yses can be carried out to a much deeper extent; see T'ien 71 for a general 
discussion including also connections with ZN method and the effects of 
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Fig. 13 Real part of pressure driven frequency response function showing 
damping effect of large gas-phase specific heat (c g = 0.33 to 0.55 cal/g K) at 1 
atm; afi-y model with (t'^P)) only pressure dependent and Q s = 125 cal/g (solid 
lines) or Q s = 100 cal/g (dashed lines). 

fully transient gas phase. From a practical standpoint, remark that the 
experimental results of frequency response function collected by appro- 
priate techniques (see Chapter 17 by Strand and Brown for a full coverage) 
are an essential ingredient of current procedures to test the stability of 
solid rocket motors (see Chapter 19 by Mathes). A comprehensive and 
detailed review of experimental stability analyses, including propellants 
and combustors (both rocket motors and laboratory burners), was compiled 
by Price. 72 



Analysis of intrinsic combustion stability requires in general nontrivial 
mathematical developments. In 1975, this writer presented an approximate 
but nonlinear approach 5 capable of easily extracting the combustion sta- 
bility features intrinsically embodied in any transient burning model. A 
given steady combustion configuration is defined as asymptotically stable 
if random natural disturbances disappear at large times, so that the burning 
propellant recovers its initial (unperturbed) steady combustion configu- 
ration. This kind of stability problems can be denoted as "static" (see Sec. 
VI. D.), in contrast with the dynamic or transitional stability problems (see 
definition in Sec. VI. E.) related to forced transitions between two other- 
wise statically stable burning configurations. 

A. Basic Approach 

The governing set of equations is the full set of mathematical relation- 
ships illustrated in Sec. III. However, the fundamental equation for any 
QSHOD problem is the PDE stating energy conservation for the whole 
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condensed phase [Eq. (1)] with the associated boundary conditions [Eqs. 
(3) and (4)]; for stability analyses the initial condition [Eq. (2)] is by 
definition the steady-state thermal profile 

©(A,t = 0) = ©..(A') = 0(A) (105) 

whose stability is to be tested (static stability) or which is the initial con- 
figuration of a forced burning transient (dynamic or transitional stability) . 
Both stability questions are reasonably tractable if an ODE formulation 
of the mathematical problem, instead of the parabolic PDE presented in 
Sec. III, is available. This is readily done via an integral method. In this 
instance, a nonlinear algebraic function, called static restoring function, 
will be determined containing all wanted stability properties (Sec. VI. C.) 
and allowing to study both static (Sec. VI. D) and dynamic or transitional 
combustion stability (Sec. VI. E.). Plotting of the zeros of this algebraic 
function will generate informative bifurcation diagrams (Sec. VI. F.). 

The ultimate objective of this intrinsic stability analysis is to determine 
boundaries separating regions of static and/or dynamic (transitional) burn- 
ing stability from regions of static and/or dynamic (transitional) burning 
instability. 

Notice that no theory is required for the steady-state combustion con- 
figuration. However, a transient burning theory, developed by either the 
FM or ZN method, is required. In addition, the stability analysis requires 
the initial steady thermal profile to be explicitly known; this can be given 
either analytically (see Sec. II1.E.1.) or numerically (see Chapter 16 by 
Galfetti et al.) or even experimentally (see Chapter 5 by Zanotti et al.). 
Any intrinsic stability theory can only extract the stability properties im- 
plicitly imbedded in the transient burning model. 

In the following it is assumed that an initial steady thermal profile is 
somehow available; as to the transient burning model, a host of different 
approaches will be tested and compared. At this point, the stability prop- 
erties of the combustion processes, described by the set of equations dis- 
cussed in Sec. III, can be studied by a technique previously presented (see 
Refs. 4-8, 73). This is an approximate analytical procedure fully preserving 
the strong nonlinearity of the problem and based on the classical integral 
technique proposed by Von Karman and Polhausen in fluid dynamic 
boundary-layer analysis and later extended mainly by Goodman 74 to ther- 
mal problems. In this instance, the penetration or disturbance distance £(t) 
of the conductive thermal wave in the condensed phase is defined such 
that "for |A| > £(t) the propellant slab, for all practical purposes, is at an 
equilibrium temperature and there is no heat transferred beyond this point," 
(Ref. 74). The evolution of the thermal profile in the condensed phase is 
obtained by following the evolution of the disturbance distance propagating 
into the initial steady-state thermal profile. Within this evolving disturbance 
layer, the qualitative thermal profile is assumed known a priori, but by 
preserving the integral balance of the thermal energy. 

Thus, only an approximate solution of the local thermal profile is ob- 
tained. However, in general this is not such a serious drawback, because 
the main interest is in the surface temperature evolution. The good accuracy 
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usually obtainable by this integral method is properly discussed in the 
literature (e. g., see Ref. 74). The ODE resulting from the integral trans- 
form could be used to compute time histories of burning transients. This 
approach will not be taken here; on the contrary, the ODE formulation 
of the problem will be used to predict the intrinsic stability features of 
burning; the detailed burning transients are actually computed, when needed, 
by the PDE of Eq. (1) with the above initial condition. 

The reader should anyway be warned about the limits of this integral 
method. The method of weighted residuals provides a very efficient way 
for improving the accuracy of the results obtained. The simple integral 
method implemented in this work can be considered a special case of the 
method of weighted residuals when just one parameter £(t) and one weight- 
ing function (energy balance over the disturbance distance) are considered. 
Fortunately, this is enough for most of the sought objectives. A good 
discussion of integral methods as applied to solid propellant combustion 
is reported in Gostintsev. 75 The mathematical procedure is fully reported 
in the next section. 

B. Approximate Mathematical Technique 

Define the finite temperature disturbance profile, propagating inside the 
condensed phase after a perturbation originated at the burning surface, as 

u(X,t) = S(X,j) - @(X) (106) 

Assume that within a perturbed thermal layer of thickness £(t), for the 
time being unknown, the temperature disturbance can be expressed as a 
separate form of the type 

u(X,t) = u s (t) • u c (X/i-), 0 < |*| < m (107) 

where u s (t) is left fully unknown, whereas 

u c (XJ0 - (1 + A7Q- (108) 

or 

u c {Xlt) = exp(nX/Q (109) 

describes the monotonic decay in the space of the temperature disturbance, 
within the perturbed layer only, from the burning surface where m c (0) = 
1 down to £(t) where u c { — 1) = 0 (polynomial profile) or = 0 (exponential 
profile, if n large enough to make e~ n — * 0). The two approximations of 
Eq. (108) and Eq. (109) are broadly equivalent. 8 

The disturbance thickness ^(t) for both approximations can be evaluated 
simply as 

€(t) = n ■ u s l(u x ) C ; (110) 

or by the first moment of the condensed-phase energy equation 76 ; however, 
the additional complication does not pay for the purpose of this investi- 
gation. 73 The disturbance thermal gradient at the burning surface in turn 
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can be evaluated [see also Eqs. (4) and (75)J as 



50 
dX 



<lc, S 



q g>s + RH S - q c 
K c (® s ) 



d©\ = q c ,s 
dx) cs K e (&,) K c (® s ) 

R C c (0) d© - F Q - R ■ X H c 



K c (®s) 



(111) 



By substituting the above defined disturbance quantities and integrating 
over the perturbed thermal layer of unknown thickness £(t), the governing 
PDE [Eq. (1)] is reduced to an ODE in time: 



du(X,j) 



di 



dX = -R(t) C c (0) d0 + 



30 
dX 



K c (0) 



30 
dX 



+ F 0 f(X) dX + e c H c dX (112) 



Upon substitution of the definition in Eq. (106), being in the spirit of the 
integral technique &(X,r) = &(X) just at the edge of the perturbed thermal 
layer, i. e., X = -£(t), and recalling the boundary condition in Eq. (4), 
it follows that 



Q(0) 



dT 



dT 



= -R(r) I C c (0) d0 + q grS + R(t)H s - q 0 
' 6 e 



dX 



d® 
dX 



+ F 0 f(X)dX + e c H c dX 



(113) 



By enforcing the following convenient position for space integration (and 
doing likewise for temperature integration) , 



• • • dX = • ■ ■ dAT - • • • dX 

J-^(t) J-=c J-=c 

and resorting to the first integral of energy, one finds 

r c c( 0) 



(114) 



d T 



u c (X/0 + u s (t) 



(XII) ( nX\d( 



G, V 4 2 (T)/dTV(^), 



d* 



-«(t) 



C c (0) 

Je 0 



d0 + /?(t) C c (0) d0 - /? C c (0) d0 



e 0 



+ ,4 cJ r7 c {exp[-£ c /Y(*)] - exp[-£ c /Y(X)]} dX (115) 
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having introduced, for sake of generality, the function Gj defined as 

G 1 = (1 + X/%) for polynomial disturbance 

G 1 = 1 for exponential disturbance (if n is large enough) 

The most influential term is the surface thermal gradient disturbance at 
the condensed-phase side (u x ) c ^ defined by Eq. (111). In general, this term 
depends on the instantaneous values of surface temperature, pressure, and 
any other time dependent parameter possibly affecting the surface bound- 
ary condition. Thus, for common situations its time derivative can be writ- 
ten as 

dpjc,, = d»,(T) 
dT dT 



du. 



+ 



df(T) 
dT 



d(Mx)c,s 

dP 



(116) 



1. No Forcing Term 

Static burning stability implies that operating pressure (and any other 
time dependent parameter possibly affecting the surface boundary condi- 
tion) is maintained constant in time, i. e., P(t) = const. Under these cir- 
cumstances, the derivative in Eq. (116) simply becomes 



d(« x )cj = du f (T) 
dT dT 



'X"Jr,v 

du. 



Consider then, in particular, the following formation from Eq. (115): 

u£X/£)( nX\d( nu s 



F{t) d T \(u x ) 



du. 



valid for both polynomial and exponential profiles of temperature disturb- 
ance. Upon substituting back the above result into Eq. (115), one obtains 



dT 



du. 



f ] C c(0)M «(T)](l - I 

= -«(t) f* C c (0) d@ + [R(t) - R] f ' C c (0) d© 
+ q„ + R(t)[H s + E H c \ + 



dX 



+ A C H C J_ 4 {exp[ - E C /Y(X)] - exp[ - EJY(X)]} dX (117) 

Therefore, thanks to the definition of temperature disturbance in Eq. (106), 
the history of the surface temperature disturbance, for monotonic propa- 
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gation in time of the disturbance layer thickness £(t), is described by the 
following ODE 

d0 s (T) 



i'" C c (0) d6 + [R - R} I"' C,.(0) d@ + q + R(H S + £ H c ) + F 0 - <?„„, 

Joa J8o 



J" 4 C,(0) • U C [*/{( T )] 



X_ 
G, 



(»x)„ 

0 S - e, Va(8, - ©J 



dX 



I ^ {exp[-£ c /Y(X)] - exp[-£ c /Y(X)]} dA" 



_ ( C,(0) ■ uJ*/€(t)] ■ 1 1 - — 



0, - 0, \a(©., - ©,) 



(118) 



dX 



whose initial condition by definition is 

0,(t = 0) - ® s 

2. Active Forcing Terms 

Dynamic or transitional burning stability implies that operating pressure 
(and any other time dependent parameter possibly affecting the surface 
boundary condition) is changing in time according to arbitrary but assigned 
laws. Under these circumstances, for the time derivative of the surface 
thermal gradient one has to consider the full expression of Eq. (116), which 
in itself has a general validity. However, the integral method used to 
transform a PDE [Eq. (1)] into an ODE [Eq. (115)] in its present imple- 
mentation is restricted to monotonic propagations in time of the thermal 
disturbance thickness. The approach can be generalized by introducing 
multiple disturbance parameters, instead of just one parameter £(t), as 
done by De Luca 73 after a suggestion by Zien 76 ; see Eq. (110) and following 
comment. Nevertheless, the additional complication does not pay for the 
purpose of this investigation. Therefore, only laws monotonically changing 
in time of P(t), and any other time dependent parameter possibly affecting 
the surface boundary condition, will be considered in the above time 
derivative. 

Under these circumstances, the surface temperature history during a 
forced transient includes also a dP/dj term and is described by 

dQ,(T) 
d T 

rss _ ree 

- R C r (0) d® + [R-R]\ C„(0) d® + q gs + R(H S + ^H c ) + F 0 - q out 



{ Q0)-u c [X/£(t)H1-^ 



d(u x ) c ,s 



0, - 0, \3(® s - ® s ) 



dX 



A C H C 



dX 



dP(r) 



d T 



dP 



fo- /v 
C c (@)-uJ 



X 



dX 



(119) 
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whose initial condition by definition is 

® s ( T = o) = e s 

This nonlinear ODE describes the instantaneous response of a burning 
propellant to finite size departures of the surface temperature from the 
initial steady-state value due not only to intrinsic perturbation sources 
(static stability), but also to arbitrary monotonic changes in time of pressure 
and/or any other time dependent parameter possibly affecting the surface 
boundary condition (dynamic or transitional stability). Within the restric- 
tions mentioned, Eq. (119) could be used to compute time histories of 
burning transients, for example during ignition (as done in similar problems 
by Kuo 77 and Peretz et al. 78 ). This approach will not be taken here. On 
the contrary, the ODE of Eq. (119) will be studied to predict the intrinsic 
stability features of burning transients computed by the PDE of Eq. (1) 
with the initial condition of Eq. (105). 



3. Concise but Comprehensive ODE Formulation 

Following Lyapunov (e. g., Andronov et al. 79 ), the nonlinear ODE of 
Eq. (119) can conveniently be rewritten as 



= /(0 5 -0 s )+g(T,0 s -© s ) 



(120) 



being the autonomous (i. e., time independent) contribution defined as 

-R [ to C,(@)de + [R - R] pC,(0)d0 + q gJ + R(H S + 2H C ) + F 0 - q oal 



/(8,-6,) — 



f C c (®)-u c [X/fr)]-\l 



x_ 

G, 



A c H e f {exp[ - EJY(X)} - exp[ - EJY(X)}} dX 



°"c c (0)-« e (f)-fl-^ 



(",)c 



(121) 



and the nonautonomous (i. e., time dependent) contribution defined as 

g(r,e s - e,) 



dF(T) 

dT 



dp 



C c (0) \l-iXfGJ 



{u x ) c± 

\d(® s -® s ) 



(122) 



The autonomous contribution f(& s — ® s ) assumes the meaning of a 
static restoring function, in that the burning propellant can be seen as 
analogous to a mass-spring type of mechanical oscillator of stiffness de- 
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scribed by the nonlinear algebraic characteristic /(0, — ©J. The impor- 
tance of the nonlinear algebraic static restoring function will be fully discussed 
in Sec. VI. C. The static restoring function depends on the nature of the 
burning propellant but not on its past history; being a physical property 
of the tested propellant, it can be examined a priori independently on any 
burning context. 

The nonautonomous contribution g(r,0 s - @ s ), being dependent on the 
implemented externally driven forcing function, cannot be discussed in 
general; particular but relevant cases will be discussed in Sec. VI. E. 



4. Comparison with Previous Results 

Let us now consider the special case of the condensed phase having 
constant specific heat and being chemically inert. In this case, most integrals 
can easily be performed. For example, for a polynomial disturbance tem- 
perature as described by Eq. (108), integration by parts of the denominator 
[see Eq. (119), (121), or (122)] yields 



Q.(0) • u c [X/i(j)] ■ 1 



X_ 



("x) C 



n + 1 K) c , 



i-i 



2 (u x ) c , s V dU s 



(123) 



Thus, for the simpler case of C c (@) = 1 and H c = 0 (for each chemical 
step), the surface temperature history during a forced transient [Eq. (119)] 
reduces to 

d0,(T) G 0 (u x ) c , ~ R[® s - ~ R[®t ~ ®o} + q K , + RH, + F 0 - q out 



2 0, - 0, 



10 

+ - 



10,-0, 



2 K)„ 



0, 



df(T) 
cIt 



dP 



2 K)cv a 10-0, 



d(u x ) c± 
2 (uXs id(@ s -& s ) 



(124) 



where, for the sake of generality, the function G 0 has been introduced 
defined as 

G 0 = (n + l)ln for polynomial disturbance 

G 0 = 1 for exponential disturbance (if n is large enough) 

The formulation of Eq. (124) recovers the expressions previously found 
(Refs. 4-8) and is much faster to compute; when allowed, Eq. (124) is 
recommended in lieu of Eq. (119). If only the algebraic roots of the static 
restoring function are needed, as usually requested, it is enough to consider 
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only the numerator of Eq. (121) or, when allowed, only the numerator of 
the first term of Eq. (124). 

C. Static Restoring Function 

The static restoring function f(® s - ©J defined in Sec. VI. B. 3. is an 
algebraic nonlinear function strictly dependent on the nature of the burning 
propellant and operating conditions. 

1. Meaning of the Algebraic Roots 

Consider the qualitative plot of Fig. 14a. The algebraic roots of the 
nonlinear static restoring function single out surface temperature values 
for which d0 5 /dT = 0 and thus stationary (steady, maximum, minimum) 
surface temperatures or burning rates are expected. In addition to the 
trivial value ©,. = 0 (unburning propellant, root C), in general two more 
algebraic solutions (roots A and B) are found for a given set of operating 
parameters; see curve CBA in Fig. 14a. Let us consider the stability nature 
of root A. Suppose that the_ surface temperature increases a finite amount; 
then, d© 5 /dT = /(© s - ©J < 0 and the burning propellant reacts by 
decreasing its surface temperature. Conversely, if the surface temperature 
of a propellant burning according to the configuration of root A decreases, 
then the propellant reacts by increasing its surface temperature. These 
movements, around point A, are indicated by arrows in Fig. 14a. It is 
concluded that the burning configuration corresponding to root A is stable 
because, when disturbed, the propellant always tends to move back toward 
A. In mathematical terms, this physical mechanism finds an elegant inter- 
pretation due to Lyapunov (see Sec. VI. D. 2.). By the same arguments, it 
is concluded that the burning configuration corresponding to root B is 
unstable; any disturbance yields movement away from the point. 

If the set of operating conditions is changed, for example pressure is 
decreased below some critical value (in a sense to be specified in Sec. 
VI. F. 5.), the restoring function features a new couple of roots D and E; 
see curve CB^DjEj in Fig. 14a. In general, each new couple of roots 
that is generated corresponds to respectively stable and unstable burning 
configurations. For further decreases of pressure, the surface temperatures 
of A roots and D roots respectively increase (moving to right) and decrease 
(moving to left), until coalescence A = D and then crossing over A^D 
occur with exchange of stability. This is not shown in Fig. 14a for graphical 
reasons, but the matter is fully discussed in Sec. VI. F. For further decreases 
of pressure, B roots and D roots disappear after coalescence B = D; see 
curve CA 2 E 2 in Fig. 14a. 

In general, the two roots A and C are always found. By construction, 
root A is the usually stable steady-state burning configuration experimen- 
tally observed, while root C is the usually stable steady-state unburning 
configuration (under adiabatic conditions). Ali other roots (B, D, E, etc.) 
are mathematical solutions of the disturbed energy equation only; their 
meaning will be discussed later. 

Quantitative plots of the restoring function require the choice of a specific 
type and order of the approximating temperature disturbance profile, as 
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Fig. 14a Qualitative sketch of restoring function showing first appearance of 
D-E couple of roots and then disappearance of B-D couple of roots for decreasing 
pressure or increasing surface and/or condensed-phase heat release. 
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Fig. 14b Qualitative sketch of restoring function showing coalescence of B-A 
couple of roots for increasing heat loss at constant pressure (thus yielding diabatic 
deflagration limit). 

well as the choice of a specific flame model and set of thermodynamic 
properties. Different stability properties are predicted for the same pro- 
pellant if different selections are made, as discussed below. 

2. Lower and Upper Combustion Instability 

Intrinsic burning stability associated with B roots (whose surface tem- 
perature is less than the corresponding steady-state value) is qualified as 
lower instability. Intrinsic burning stability associated with E roots (whose 
surface temperature is larger than the corresponding steady-state value) is 
qualified as upper instability. Lower instability is related to dynamic ex- 
tinction (see Sec. VI. E. L); upper instability is related to possible vigorous 
acceleration of the deflagration wave (see Sec. VI.F.l.). 
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3. Effect of Approximating Temperature Profile Type 

Both polynomial and exponential profiles, being monotonically decaying 
in space from the burning surface, have been implemented; see respectively 
Eqs. (108) and (109). For chemically inert condensed phase, the restoring 
function roots are not affected by the type of thermal disturbance. For 
chemically reacting condensed phase, the exponential form yields minor 
differences for root B but also induces respectively a decrease and increase 
of the surface temperatures of roots D and E (larger upper instability). 
Overall, the polynomial form is preferred, also because relatively simpler 
to be implemented. 

4. Effect of Polynomial Order 

A cubic polynomial profile has been chosen to represent the space dis- 
tribution of disturbance temperature. This choice is suggested by a large 
body of literature on heat transfer problems and similar solid propellant 
combustion problems. But there is no a priori guarantee that this is the 
best choice. Numerical investigations on AP-based nonmetallized com- 
posite propellants suggest that best results are obtained for 2.5 < n < 3. 

At any rate, systematic computations effected for n increasing from 2 
to 4 showed that the shape of the restoring function is not affected. Like- 
wise, the values of A and C roots are not affected by the value of n. 
However, for n decreasing, root B slightly increases and the appearance 
of D and E roots is favored (larger upper instability). 

5. Effect of Operating Conditions (pressure andlor external radiant flwc) 

An increase of pressure implies an increase of the surface temperature 
associated with root A and, to a less extent, of other roots. The strength 
of stability (defined in Sec. VI. D. 2.) is enhanced by an increase of pressure. 
Typical results for the test case are shown in Fig. 15, reporting the restoring 
function, flame temperature, and heat feedback vs surface temperature. 
Further results are illustrated in Fig. 16, where the flame thickness is seen 
to behave as the burning rate over the whole investigated range of surface 
temperature, thus confirming the results of Fig. 5; the function F(a,fi,y; 
R 2 Wg)) is seen to increase from 0 in the low surface temperature region 
asymptotically up to 1 in the high surface temperature region, more or less 
quickly depending on the operating pressure. The results of Figs. 15 and 
16 were collected by enforcing the ap7 transient flame model with a = 
0, p = 1, and 7 = 0; therefore, identical plots would be found by imple- 
menting KTSS, KZ, or LC models, as indeed confirmed by a simple in- 
spection of Fig. 14 in De Luca. 4 By putting 7 > 0, the flame thickness 
would increase by 7 + 1, the heat feedback slightly decrease, while the 
flame temperature would not be sensibly affected. This implies, in turn, a 
weakening of the energetic coupling at the burning surface and finally a 
decrease of intrinsic combustion stability. These effects, however, are strongly 
tempered by the fact that the characteristic gas-phase time is usually con- 
sidered only pressure dependent in the literature. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



STABILITY THEORY BY FLAME MODELS 575 




Fig. 15 Restoring function, heat feedback, and flame temperature plotted in the 
pressure range from 10 to 40 atm for af$Y flame model [7 = 0 and {T' g (P)) only 
pressure dependent]; disturbance temperature approximated by cubic polynomial 
profile and Q s = 158.2 cal/g. 



Similar comments hold true as to the effects of an external radiant flux 
on root A, while root B is decreased for increasing external radiant flux. 
When the external radiant flux increases above a certain value, root B is 
no longer found; under these circumstances, extinction boundaries (see 
Sec. VI. E. 1.) do not exist. 

6. Effect of Flame Models 

Very similar effects are found by implementing the nonlinear KTSS, 
MTS, and the equivalent a(37 flame models (7 = 0). 

Again very similar effects, but drastically different from the previous 
results, are found by implementing the linear KTSS, KZ, or LC and the 
equivalent linear afiy flame models (7 = 0). For surface temperatures 
about or larger than the steady-state burning values (root A), the observed 
behavior is virtually the same for linear and corresponding nonlinear flame 
models, but for surface temperatures below about 90% of the steady-state 
burning values, the results generated by linear flame models are physically 
meaningless. An example is reported in De Luca 7 (Fig. 1), comparing the 
MTS flame model with the KTSS linear and nonlinear versions. 

When the aB7 family of nonlinear flame models is used with 7 + 0 and 
(■r' g (P,R)) (see details in Sec. III. C. 3.), results are found to depend mildly 
on 7 and strongly on the characteristic gas-phase time. The spectrum of 



(&AIAA 

iLfVbVthiaBhriiBfBmimim^ Purchased from American Institute of Aeronautics and Astronautics 



576 L. DE LUCA 




NONDIM SURFACE TEMPER ATU RE , 9 S 



Fig. 16 Flame thickness, F(ct,fi,y; R 2 {-T' g }) function, and burning rate plotted in 
the pressure range from 10 to 40 atm for afiy flame model [7 = 0 and {r'g(P)} 
only pressure dependent]; disturbance temperature approximated by cubic 
polynomial profile and Q s = 158.2 cal/g. 

results is too wide to be summarized in few lines; an illustrative example 
is reported in Ref. 14 (Figs. 7 and 8). Systematic work on a and p param- 
eters has not been effected. 

7. Effect of ZN Approach 

The Zeldovich-Novozhilov approach (see the full discussion by Novo- 
zhilov in Chapter 15) can formally be treated just as a particular flame 
model. While the PDE stating energy conservation in the condensed-phase 
[Eq. (1)] and the BC at the cold boundary [Eq. (3)] are not affected, only 
the BC at the burning surface [Eq. (4)] is differently written with respect 
to FM approach. This difference, however, is of no consequence as far as 
the intrinsic combustion stability analysis developed in this chapter is con- 
cerned. Note that for both approaches the only starting requirement is the 
initial condition of Eq. (105); then, based on experimental information, 
ZN provides directly the thermal flux q c s needed by Eq. (4). 

Results obtained by implementing the ZN approach with Standard values 
of the burning rate temperature sensitivity are illustrated in Fig. 17. Very 
regular trends are observed over the entire pressure range of investigation, 
thanks to the smooth behavior assumed for the temperature sensitivity data 
[see Eq. (57)]. Note in particular the existence of both A and B roots. The 
analysis of intrinsic combustion stability according to ZN approach has 
been limited so far by Soviet authors to root A only (static stability); the 
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Fig. 17 Restoring function plotted in the pressure range from 10 to 40 atm 
for ZN method showing the existence of B roots (dynamic extinction limit); 
disturbance temperature approximated by cubic polynomial profile and Q s = 
158.2 cal/g. 



consequence of this fact will be discussed in Sec. VI. E. 1. On the other 
hand, Zarko et al. (Chapter 10, Fig. 5.1) showed that the rigorous ZN 
stability boundary for steady burning can be recovered to a good approx- 
imation by use of the restoring function. To get a f uli picture of the ZN 
vs FM dilemma, the pertinent comments by Novozhilov (Chapter 15, Sec. 
5) on this matter should be considered as well. 

8. Concluding Remarks 

The nonlinear algebraic static restoring function /(©, - & s ) is important 
for both static and dynamic (transitional) aspects of intrinsic combustion 
stability analyses. Nevertheless, a more complete view of combustion sta- 
bility can be obtained by constructing bifurcation plots, where the surface 
temperatures of the algebraic roots of a succession of restoring functions 
are plotted vs a parameter of interest (e. g., pressure). This representation 
(see Sec. VI. F.) will reveal that a unifying mechanism ties up apparently 
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uncorrelated combustion phenomena such as PDL, dynamic extinction, 
and self-sustained oscillatory burning. 

D. Nonlinear Static Combustion Stability 

Static combustion stability is concerned with the intrinsic stability of 
steady-state burning solutions, whose existence is assumed. A given steady 
combustion configuration &(X) of burning propellant is defined as asymp- 
totically stable if random intrinsic disturbances disappear at large times, 
so that the burning propellant recoversjts initial, undisturbed steady com- 
bustion configuration: @(X,T^°o) = ®(X). Static burning stability implies 
that operating pressure (and any other time dependent parameter possibly 
affecting the surface boundary condition) is maintained constant in time, 
i. e., P(t) = const. Therefore, the approximate governing nonlinear ODE 
of Eq. (120) reduces to 



in turn tightly depending on the associated nonlinear algebraic static re- 
storing function. 

1. Nature of Steady -State Solution 

As better shown in Sec. IV. F., three regions of interest can be distin- 
guished (Fig. 14a): 

1) before coalescence of A and D roots (static restoring function of the 
type CBADE), the reacting steady-state solution is the time independent 
configuration defined by root A; 

2) after coalescence of A and D roots (static restoring function of the 
type CBDAE), the reacting steady-state solution is a self-sustained oscil- 
latory burning around root A; and 

3) after coalescence of B and D roots (static restoring function of the 
type CAE), no reacting steady-state solution is allowed for deflagration 
waves. 

The trivial unreacting solution S s = R = 0 (root C), if allowed by the 
enforced set of operating conditions, is usually stable. 

2. Strength of Intrinsic Combustion Stability 

The static stability analysis can be put on a quantitative basis by means 
of the first Lyapunov criterion (e. g., see Ref. 79). The solution of the 
nonlinear ODE of Eq. (125) is stable in the neighborhood of a given point 



d©,(T) 



= m - e,) 



(125) 



e* if 



d/(Q, ~ & s ) 



< 0 



(126) 



The physical meaning of this criterion was explained in Sec. VI. Cl. In 
the spirit of this physical interpretation, the magnitude of the derivative 
d//d© s , evaluated at a given root, can be taken as a measurement of the 
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stability strength at that root. Typically, pressure and external radiant flux 
increase the stability strength, while heat loss and surface heat release (if 
too large) decrease it. Moreover, large specific heat in the condensed phase 
and/or gas phase increases the stability strength; large thermal conductivity, 
heat release in the condensed phase, and large activation energy in the 
condensed phase all conspire against. Details can be found in De Luca 4 
(Table 2) and De Luca et al. 80 (Tables 4a-4g). In the exceptional case of 
a branching or metastable point, in which the unstable and stable roots 
coalesce, the above first criterion is no longer valid; more sophisticated 
methods are available but not recommended. 

3. Branching Points 

Under adiabatic combustion and for a given set of operating conditions, 
plotting of restoring functions vs surface temperature usually reveals a 
couple of nontrivial algebraic roots A and B. If heat losses from the burning 
propellant are admitted, a new couple of nontrivial algebraic roots is found 
less far apart on the surface temperature axis. In general, parametrically 
increasing heat losses yield a couple of roots, A,- and B ; , less and less far 
apart in terms of © f . The particular value of surface temperature, ©*, for 
which the pair of solutions Af stable and Bf unstable coalesces, defines 
the branching or metastable point for the given set of operating conditions. 
For even larger heat losses, roots A,- and B, are no longer allowed. (See 
the schematic sketch in Fig. 14b.) 

This remark can be repeated for different couples of roots and different 
parameters. The specific example mentioned above is important because 
it allows to determine, at each operating pressure, a diabatic deflagration 
limit for the surface temperature of any burning propellant; see detailed 
comments in Sec. III. F. 1. For & s < ©*, no steady-state reacting solution 
is allowed, no matter whether stable or unstable. This point will be fully 
discussed in Sec. VI. F. For a matter of space illustrative results are not 
shown, but the interested reader may wish to consult the systematic results 
reported in De Luca 4 (Figs. 8 and 9), De Luca et al. 62 (Figs. 31-37), and 
De Luca et al. 65 (Figs. 5, 12, and 13). 

4. Some Typical Results 

Static stability predictions by KTSS, KZ, and LC flame models are about 
equivalent by implementing both their linear and nonlinear versions. Like- 
wise, MTS and the whole family of apty flame models manifest close results; 
CS will also produce similar results to the extent in which the flame thick- 
ness is estimated from steady-state considerations (by experiments and/or 
theoretical balances) and not otherwise imposed. The reason for this broad 
agreement is simple: all of these transient flame models, if properly im- 
plemented, incorporate the experimentally observed steady-state burning 
configurations. The theoretical stability predictions are equivalent to the 
extent in which this feature is actually realized; KZ and MTS flame models 
may be less accurate in this regard (see Sec. III.C.4.). Likewise, linear and 
nonlinear flame models are equivalent to the extent in which they are able 
to recover steady-state burning configurations; in this regard differences 
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are usually negligible, even though linear versions may be defective in the 
low burning rate region, especially for low operating pressures (see Fig. 
4). Only the effects of the instantaneous temperature profile in the gas 
phase may cause sensible differences. 

E. Nonlinear Dynamic (Transitional) Combustion Stability 

Dynamic combustion stability is concerned with the stability of burning 
transitions, between two stable steady-state configurations, driven by an 
externally assigned change in time of a forcing function (pressure and/or 
external radiant flux, typically). Multiple stable steady-state configurations 
may exist for the final set of operating conditions (see Fig. 18a); under 
these circumstances, the fate of the forced transition depends on the overall 
burning dynamics. The tested propellant is said to be dynamically stable 
if the wanted transition is actually realized; the propellant is said to be 
dynamically unstable if the transition leads to a final configuration different 




1—4 i- — ► 

r=0 TIME, r 

Fig. 18 Qualitative sketch of a) burning rate histories during undershoots 
showing meaning of dynamic limit, b) a monotonically decreasing forcing 
function, and c) portrayal of contribution #(t) for monotonically decreasing 
forcing functions. 
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from the wanted one. Although this nomenclature is traditionally used in 
the competent literature, dynamic stability should rather be called tran- 
sitional. At any rate, only the nonlinear versions of transient flame models 
are able to describe finite size burning transitions and, therefore, possible 
effects of dynamic (transitional) instability. Typically, in a forced depres- 
surization and/or deradiation, extinction will occur if the driving disturb- 
ance is too severe; in this special but practically relevant case, dynamic 
(transitional) stability boundary simply means dynamic extinction boundary. 

Studying the nature of the restoring function allows to handle the dy- 
namic (transitional) combustion stability problem too. As already shown 
(Refs. 4-8), the unstable root B of the perturbed energy equation defines 
that ultimate surface temperature, under which extinction necessarily oc- 
curs during a forced monotonic decrease of pressure and/or external radiant 
flux. This ultimate value is a property of the burning propellant, which 
can be computed; details are given in Sec. VI.E.l. Other features of dy- 
namic (transitional) combustion stability are discussed in Sec. VI. E. 2. 

1. Dynamic Extinction Limit 

The objective is to predict when a burning transition, allowed statically 
(i. e., realized through a succession of exclusively steady-state configura- 
tions), becomes forbidden if realized dynamically. It is expected that this 
will depend on the rate of decrease of pressure and/or external radiant flux 
(referred to as forcing functions) . 

Dynamic (transitional) stability analysis requires consideration of the 
nonlinear ODE of Eq. (120). The basic difference from the static stability 
analysis is that the rate of return of surface temperature toward the per- 
tinent equilibrium value now depends explicitly on time, so that no a priori 
analysis is possible. However, Eq. (l20)_shows that the propellant response 
includes two terms; of these, f(& s - @ s ) is_the autonomous contribution 
discussed in Sec. VI. C. whereas g(T,@ 5 — ® s ) is the nonautonomous con- 
tribution due to finite size disturbances subsequent to the given monoton- 
ically decreasing forcing functions (see Fig. 18b). 

The main interest is the asymptotic behavior of the burning propellant 
for t—» o°. With reference to Figs. 18 and 19, it is wished to predict whether 
the final stable steady-state burning configuration A f or the trivial non- 
burning configuration C will eventually be reached. For any forcing func- 
tions active for a limited span of time, the nonautonomous contribution is 
zero before and after the action of forcing functions; thus, before and after 
the enforced external disturbance, the rate of return of surface temperature 
toward equilibrium is governed by the autonomous term solely. In addition, 
the nonautonomous contribution is negative (see Fig. 18c) during the action 
period of forcing functions monotonically decreasing in time; thus, during 
the action of such forcing functions, the return of surface temperature 
toward equilibrium is hindered. Extinction can eventually arise both during 
and after an externally enforced disturbance, if no return point occurs 
during a burning rate history. 

A qualitative picture can be portrayed in the plane d@,/dT vs & s (see 
Fig. 19). Points A,- and A^are respectively the stable initial and final steady- 
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Fig. 19 Quasisteady state trajectories (time is a parameter running 
independently for each curve) showing that, for forcing functions monotonically 
decreasing in time, the dynamic extinction limit is the B root of the final restoring 
function. 



state configurations. Ali trajectories, each representing a burning history 
of the propellant, start from A, and terminate at either A / (the wanted 
end transition) or C (dynamic extinction). In the qualitative portrait of 
Fig. 19, the two static restoring functions prevailing just before (t = 0") 
and immediately after the action of the forcing functions (t > -r ext ) are 
represented. Under dynamic burning, any trajectory starting from A, ini- 
tially progresses into the negative half-plane d&Jdj < 0 toward the trivial 
solution C, since the nonautonomous contribution g(T,® 5 - ©, s ) initially 
dominates the autonomous contribution /(® s - ©, s ) in the ODE of Eq. 
(120). But the nonautonomous contribution in time decreases monotoni- 
cally to zero; thus, when g(-r,©^ - ©J << /(® 5 - the latter term 
may drive the trajectory toward the final point A^ 

For t s T ext the rate of return of the surface temperature toward A^ is 
controlled by the autonomous term only. The critical "no-return" point is 
defined by the unstable root associated with the final stable root A^ 
through the restoring function /(© 5 — & f , s ). Root B / represents the limiting 
surface temperature under which extinction will necessarily occur. This 
ultimate value of surface temperature is a unique property of the propellant 
burning under the final set of operating conditions. This analysis can be 
repeated for different values of pressure, for example, so that a lower 
dynamic (transitional) stability boundary can be constructed vs pressure. 
This boundary has the meaning of a dynamic extinction boundary. For the 
wide class of forcing functions monotonically decreasing in time, the dy- 
namic extinction boundary holds true instantaneously; crossing the bound- 
ary at any instant is enough to yield extinction. 
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With minor adjustments, the above analysis can be repeated for the wide 
class of forcing functions leveling off in time; the dynamic extinction bound- 
ary is found to be the_same, but its validity is no longer instantaneous. In 
general, for g(V,© s - © s ) <</(@ s - & s ), the dynamic extinction boundary 
would be valid for any forcing function at any instant. 

A f uli review of dynamic extinction problems, from both a theoretical 
and experimental standpoint, was given in De Luca 4 ; fresh experimental 
results were thereupon reported by Donde et al. 81 Experimental results, 
whether obtained by pressure or radiation tests, qualitatively agree with 
the above theoretical picture; however, a direct experimental validation is 
presently out of reach. On the other hand, computer simulated tests show 
a good quantitative agreement with the analytical predictions (see Chapter 
16 by Galfetti et al.). 

A somewhat similar theoretical criterion for dynamic extinction was first 
proposed by T'ien 82 by invoking intrinsic instability of nonadiabatic burning 
of propellants subjected to fast depressurization. The basic suggestion by 
T'ien has been extended to adiabatic burning in the framework of the 
approximate nonlinear stability analysis developed in this work. 

2. Concluding Remarks 

The essential intrinsic combustion stability information is contained in 
the numerator of the nonlinear static restoring function [Eq. (121)] dis- 
cussed at length in Sec. VI. C: roots A are the stable steady-state solutions, 
whereas roots B are the unstable solutions defining the dynamic extinction 
limit at each operating pressure. A large amount of results collected for 
several flame models and under a variety of operating conditions shows 
that, at each pressure, the steady-state solution (root A) is located in a 
region where the flame is fully developed, while the dynamic extinction 
limit (root B) is located in a region where the flame is only marginally 
developed. This can be seen in Fig. 15 where, at each operating pressure, 
roots B are systematically found for surface temperatures less than those 
corresponding to the maximum heat feedback at that pressure (in tum, 
roughly corresponding to the diabatic deflagration limit of the propellant, 
as noticeable in Fig. 4). It is recalled that all roots are solutions of the 
perturbed energy equation; roots A exactly coincide with the corresponding 
experimentally observed steady-state solutions (within the restrictions dis- 
cussed in Sec. VI. D. 4. if linear models are enforced); roots B can only be 
deduced (experimentally or numerically) through go/no go testing. 

A direct comparison of plots of the kind of Figs. 15 or 16 for different 
flame models does not evidence dramatic differences in terms of extinction 
limits, even though numerical simulation of burning dynamics may strongly 
be affected by the selected flame model. The reason for this is the fact 
that the resistance to burning rate changes during transient operations does 
not directly depend on the value of root B (which is the ultimate limit 
beyond which dynamic extinction occurs), but rather on the area subdued 
by the restoring function. It is found that among nonlinear transient flame 
models KTSS, KZ, LC, and y = 0 (where a = 0 and P = 1) feature the 
strongest resistance to dynamic burning; any temperature effect added 
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through diffusive or kinetic mechanism (including MTS and CS models) is 
sensibly destabilizing; these effects are further emphasized by the simul- 
taneous occurrence of large flame thickness in space (7 > 0) . 

Finally, a simple inspection of Figs. 15 (flame model) and 17 (ZN ap- 
proach) obtained for the same set of operating conditions should be enough 
to convince that no drastic difference exists between the two methods. 
Both methods reveal the existence of a stable steady-state root A (exper- 
imentally defined) and a dynamic extinction limit represented by root B; 
while by construction, at each pressure, the two methods recover an iden- 
tical root A, the value of root B is slightly different. The same behavior 
is found when different flame models are implemented. Therefore, all 
considerations made in this chapter about intrinsic burning stability are in 
principle valid for both FM and ZN approaches. 

F. Bifurcation Phenomena 

Plotting of restoring functions is useful to discriminate between stable 
and unstable roots. A more significant representation is obtained by plot- 
ting the surface temperature of algebraic roots vs a parameter of interest. 
These shall be called bifurcation plots, because often bifurcation phenom- 
ena are revealed. Bifurcation plots are useful to discriminate among dif- 
ferent regimes of burning. A wide and fascinating variety of situations is 
seen to arise by testing different parameters under different operating 
conditions. 

1. Types of Restoring Function and Related Burning Regimes 

Restoring functions usually evolve from CBA to CBADE after appear- 
ance of the couple D-E, to CBDAE after crossover of A^D roots, and 
finally to CAE after coalescence of B = D roots; cf. Sec. VI. Cl. and Fig. 
14a. For large enough heat losses, restoring functions feature coalescence 
of B = A roots which makes impossible any steady reacting solution; cf. 
Sec. VI.D.3. and Fig. 14b. 

When the restoring function is of the type CBA, the only permitted 
dynamic effects are those associated with root B (lower instability), possibly 
yielding dynamic extinction. 

When the restoring function is of the type CBADE, two unstable roots, 
B and D, sit at the sides of the stable steady-state root A. Under these 
circumstances, if during a transient the propellant surface temperature goes 
past B or D, the deflagration wave will respectively decelerate toward C 
(lower instability) or E (upper instability). In the case of lower instability, 
the fate of the deflagration wave is dynamic extinction (within the limitations 
discussed in Sec. VI. E. 1.). In the case of upper instability, the fate of the 
deflagration wave is more involved. As soon as root D is passed, accel- 
eration occurs until root E is reached. This is always stable and thus always 
pulls back the deflagration wave by deceleration toward some steady-state 
configuration. In general, for mild accelerations past D, mild decelerations 
from E toward the reacting steady-state A will occur; for strong accelera- 
tions past D, strong decelerations from E toward A or even the unreacting 
steady-state C will occur (dynamic extinction due to "overstability"). 
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When the restoring function is of the type CBDAE, two stable roots, 
D and E, sit at the sides of the unstable steady-state root A. Under these 
circumstances, even in a static environment, the burning propellant cannot 
remain at A and thus keep a time-invariant steady-state reacting config- 
uration. When the burning propellant departs from A by accelerating, the 
stable root E decelerates the deflagration wave back toward A; when the 
burning propellant departs from A by decelerating, the stable root D ac- 
celerates the deflagration wave back toward A. The final result is that the 
burning propellant bounces back and forth around root A under the co- 
operative influences of roots D and E. Numerical integration of the f uli 
PDE set of equations (see Sec. III) confirm that the propellant surface 
temperature, after a transient period, undergoes sharp self-sustained os- 
cillations around A with peaks near D (minimum) and E (maximum). Ali 
of this suggests the existence of a limit cycle. Being a limit cycle on overall 
property of the governing PDE, once triggered, this oscillatory behavior 
would not depend on the initial conditions of the burning propellant. With 
this notable difference, i. e., self-sustained oscillations replacing the time 
invariant configuration as the stable steady-state reacting solution, all pre- 
vious considerations on combustion dynamics are valid. If the surface tem- 
perature even momentarily drops below root B, the burning propellant 
will inescapably decelerate toward root C (dynamic extinction). When the 
restoring function is of the type CBDAE, depending on the detailed dy- 
namics of the whole process, the final result of a transient burning is either 
self-sustained combustion or dynamic extinction. 

When the restoring function is of the type CAE, two stable roots, C and 
E, sit at the sides of the unstable steady-state root A. Under these circum- 
stances, even in a static environment, the burning propellant cannot remain 
at A and thus keep a time-invariant steady-state reacting configuration. 
For adiabatic operations, the only permitted steady-state solution is the 
trivial unreacting configuration corresponding to root C; this extinction, 
due to lack of intrinsic combustion stability, should not be considered as 
dynamic. The result of any ignition attempt is just a combustion spike for 
adiabatic operations, while a pulsed burning/extinction regime is expected 
under external energy input. Experimental results confirming the existence 
of this peculiar regime are reported in Chapter 11 by Zanotti et al. and, 
especially, the systematic investigations by Saito and Iwama, 83 Harayama 
et al., 84 Saito et al., 85 and Saito et al. 86 

2. Bifurcation Plots 

The different combustion regimes discussed previously are better under- 
stood if the surface temperatures of the restoring function roots are plotted 
vs any of the parameters of interest (an operating variable, a physical 
property, etc), for a given set of operating conditions. These shall be 
called bifurcation plots, because they show when and if the steady-state 
solution bifurcates from the time invariant A-root configuration to self- 
sustained oscillatory D-E roots configuration. If such a bifurcation occurs, 
the specific parameter used as the independent variable of the plot takes 
the nature of a bifurcation parameter. A rich variety of far-reaching effects 
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is thus manifested, as shown in Figs. 20-23 obtained for 7 = 1 flame model 
with {r' g (P)) and thermophysical data as indicated. 

Results collected over a wide range of operating conditions show the 
following facts for most of the tested parameters (cf. Sec. VI.F.3.). With 
reference to Figs. 20 and 21, 1) the steady-state root A changes monoton- 
ically along a smooth cure (in general); 2) B, D, and E roots all lie on the 
same S shaped curve; and 3) the S shaped curve crosses the curve of root 
A and thus singles out a bifurcation point. For nonadiabatic burning, curves 
of root A and root B get farther apart when the propellant is subjected to 
energy input, but get closer when the propellant suffers heat losses. For 
some critical value of heat loss, curves of root A and root B merge; this 
corresponds to the diabatic deflagration boundary already introduced in 
Sees. III.F.l. and VI.D.3. 

With specific reference to Fig. 20, when roots A and B are the only 
reaeting configurations (low surface heat release), A defines the time in- 
dependent steady-state solution. When roots D and E spring off, on the 
left of the bifurcation point no relevant change oecurs; at the bifurcation 
point A ?± D roots cross over and exchange their stability charaeter; on 
the right of the bifurcation point the couple of roots D and E define the 
self-sustained steady-state solution. After coaleseing, roots B and D dis- 
appear and thus no stable steady-state reaeting solution is left (another 
deflagration limit, now due to excessively large Q s ). Root B represents 
everywhere the dynamic extinction limit. 
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Fig. 20 Bifurcation plot vs surface heat release showing Q s induced bifurcation 
and deflagration Iimits for different operating conditions [afiy flame model with 
7 = 1 and (r' g (P)) only pressure dependent]; disturbance temperature 
approximated by cubic polynomial profile. 
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Fig. 21 Bifurcation plot vs pressure showing pressure induced bifurcation and 
deflagration limits for different operating conditions t«P7 flame model with 7 = 
1 and <t«(P)} only pressure dependent]; disturbance temperature approximated 
by cubic polynomial profile. 
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Fig. 22 Bifurcation plot vs diabaticity at 0.2 atm showing that the steady 
solution is time invariant (root A) outside the E-D island but self-sustained 
oscillatory inside [wfly flame model with 7 = 1 and (T'g(P)) only pressure 
dependent]; disturbance temperature approximated by cubic polynomial profile 
and Q, = 125 cal/g. 
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Fig. 23 Bifurcation plot vs diabaticity at 5 atm showing that the steady solution 
is time invariant (root A) over the whole range of existence [apv flame model 
with 7=1 and {t' s (P)) only pressure dependen!]; disturbance temperature 
approximated by cubic polynomial profile and Q s = 125 cal/g. 



The results of Fig. 20 underline the effects of pressure on bifurcation 
induced by Q s ; the surface temperature of bifurcation points increases with 
pressure, surface temperature of Q s deflagration limits increases with pres- 
sure, oscillating amplitude (see Sec. VI. F. 4.) decreases with pressure. 

3. Bifurcation Parameters 

By systematic plotting it is found that in general pressure, diabaticity 
(both heat input and heat loss), surface heat release, heat release of 
condensed-phase volumetric reactions, activation energy of condensed- 
phase volumetric reactions, the exponent n of burning rate law, the ex- 
ponent n s of surface pyrolysis law, condensed-phase specific heat, con- 
densed-phase thermal conductivity, gas-phase specific heat all yield bifurcation 
(see Ref. 80). Illustrative examples are reported in Fig. 20 showing the 
bifurcating nature of surface heat release, Fig. 21 showing the bifurcating 
nature of pressure, and Fig. 22 showing an island of instability overlapping 
the curve of root A (diabatic burning at 0.2 atm). Systematic plots are 
given in Refs. 4 (Fig. 11), 62 (Figs. 41-49), 65 (Figs. 16-28, 31-39), and 
87 (Figs. 1, 2, 4-7). 

Nevertheless, there are cases in which the S shaped curve connecting 
roots B-D-E does not cross the A curve and, therefore, bifurcation does 
not occur. In general, the activation energy of Arrhenius surface pyrolysis 
or equivalent KTSS power are not bifurcating parameters. For all tested 
cases, no bifurcation point was detected 65 - 80 - 87 ; plots are reported in Ref. 
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65 (Figs. 29 and 30). Thus, Arrhenius activation energy or KTSS power 
in the surface pyrolysis law does not trigger self-sustained oscillatory 
burning. 

However, a word of caution is in order. Specific results depend on the 
whole set of operating conditions and their complex interplay. For example, 
a case of nonbifurcation is illustrated in Fig. 23 (diabatic burning at 5 atm) 
showing an island of upper instability isolated from the curve of root A; 
contrast with Fig. 22. 

4. Self-Sustained Oscillatory Burning 

Self-sustained oscillatory burning is found between coalescence of A=D 
roots and coalescence of B = D roots independently on the parameter 
being tested (see Figs. 20 and 21). Since the condensed-phase heterogeneity 
is not accounted for, the frequency of oscillations can only be related to 
the condensed-phase thermal wave relaxation at the prevailing operating 
conditions. 

H ~ R 2 = P 2 " 

while the amplitude of oscillations is related to the distance separating 
roots D and E. Heterogeneity effects are important whenever the thermal 
wave thickness is of the order of partiele size. Finally, notice that the 
transition of steady-state burning from time invariant to self-sustained is 
abruptly triggered (in terms of the tested parameter) once past the bifur- 
cation point. Experimental results are diseussed in Chapter 11, confirming 
in particular the existence of a self-sustained oscillatory regime, near PDL, 
for many AP-based composite propellants with or without aluminum. In 
addition, numerical results by several independent sources confirm that 
large values of surface heat release induce a self-sustained oscillatory re- 
gime (e. g., see Ref. 61); further, systematic numerical results are reported 
in Chapter 16. 

5. Pressure Deflagration Limit 

Pressure exhibits a distinet bifurcation charaeter when decreasing to 
around atmospheric values, depending on the other operating conditions. 
The results of Fig. 21 were obtained for a dataset necessarily more realistic 
than the Standard test case (predieting for PDL a value too large); in 
particular Q s was reduced from 158.2 cal/g to the indicated values. With 
reference to Fig. 21, the following faets emerge: 

1) For p > p(A = D), root A is the familiar time invariant steady-state 
solution. 

2) For p(A = D) > p > p(B = D), the expected steady-state solution 
is self-sustained oscillatory between D-E roots. This suggests an easy ex- 
perimental check and also broadly confirms the many experimental results 
already available in the literature. 

3) For p < p(B = D), no stable steady-state combustion regime exists. 
Therefore the particular pressure, for which B=D coalescence oecurs, takes 
the meaning of a deflagration limit due to excessively low pressure (PDL). 
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Note that radiative heat losses from the burning surface were found in this 
work to be of negligible importance; on the contrary, radiative heat feed- 
back from hot particles in the flame zone may be important and thus 
decrease PDL (see Ref. 58 for pure AP). Therefore, the long debated 
PDL matter is due to intrinsic burning stability deficiency rather than 
excessive heat losses or nonexistence of the solution. Even for adiabatic 
burning, PDL exists and is given by p(B = D). 

Decreasing Q s from 125 to 96.5 cal/g reduces PDL from about 0.015 atm 
to 0.0025 atm, if condensed-phase thermophysical properties are allowed 
to be temperature dependent according to the values recommended in 
Chapter 5. Keeping Q s = 96.5 cal/g, an average value of specific heat 
(c c {T)) = 0.33 cal/gK (standard test case) increases PDL to about 0.005 
atm, while a value of 0.30 cal/gK (circa the ambient temperature specific 
heat of most AP-based composite propellants) further increases PDL to 
about 0.009 atm. Certainly, these results are purely orientative in view of 
the scarce understanding of low pressure combustion, but testify the power 
of the overall nonlinear stability analysis. 

Safety of storage and hazards of handling require a large PDL for solid 
propellants. These features are favored by chemical compositions realized 
along the above guidelines. Of course, heat losses from the propellant 
sample will increase PDL, but radiative heat losses from the burning surface 
(in the past suspected to be the reason of PDL) surely are of negligible 
effect. (See details in Ref. 87 and 94.) 

G. Diabatic Deflagration Boundaries 

By cross plotting bifurcation diagrams as those reported in Figs. 22 and 
23, the results shown in Fig. 24 are obtained. This picture, pressure vs 
diabaticity, helps in visualizing the deflagration boundary of a burning 
propellant under both adiabatic and diabatic combustion. The existence 
of three main regions for steady burning is manifest: I) steady time invar- 
iant, II) steady self-sustained oscillatory, and III) no steady solution. This 
diagram gives a full picture of static burning (existence and stability) but 
does not provide any information on dynamic burning. Note that the whole 
diagram can be mapped by curves having constant burning rate; these 
curves are similar to the left boundary delimiting region III. Thus, the 
deflagration boundary appears to be approximately a constant burning rate 
curve, as sometimes suggested in the competent literature on empirical 
basis. Refs. 88 and 89 (Figs. 3a-3c) report 0.18 cm/s for pressed pellets 
of pure AP with different particle size; Refs. 90 (Fig. 3) and 91 (page 2198) 
report 0.2 cm/s for single crystals and pressed pellets of pure AP. The 
values of limiting burning rates in Fig. 24, which are indicative of AP- 
based composite propellants, are much less. 

The diagram of Fig. 24 shows that increasing pressure, for a given dia- 
baticity, implies several effects: larger heat loss without suffering (static) 
extinction, increasing frequency of the self-sustained oscillatory burning, 
change of the self-sustained oscillatory regime into time invariant. Increas- 
ing heat loss, at any given pressure, yields lower burning rates until ex- 
tinction abruptly occurs. Increasing heat input, at any given pressure, yields 
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Fig. 24 Pressure vs diabaticity map of existence and nature of steady-state 
solutions [aPv flame model with 7 = 1 and (T' g (P)} only pressure dependent]. 
Disturbance temperature approximated by cubic polynomial profile and 
Q s = 125 cal/g. 



larger burning rates and possibly larger oscillation frequency; notice that 
for increasing heat input, if the operating pressure is low enough, the steady 
burning regime is first time invariant (region I), then self-sustained oscil- 
latory (region II), and finally again time invariant (region I). 

Experimental validation of the above analytical predictions are discussed 
in Chapters 10 by Zarko et al. and 11 by Zanotti et al. (see also their 
reference list); numerical validations are discussed in general by Galfetti 
et al. in Chapter 16. However, only a paper by Assovskii and Istratov 92 
examines the effect of external radiation on the stability of steady burning: 
for a solid propellant essentially opaque, the Zeldovich criterion (constant 
surface temperature) was found to predict combustion stability enhanced 
by radiation, while the Novozhilov criterion (variable surface temperature) 
would predict either an increase or a decrease of stability depending on 
the operating conditions. In addition, the authors raised the possibility that 
the surface layer of burning propellant may periodically explode, according 
to a thermal mechanism, when heated by external radiation. The results 
of Fig. 24 are thus seen to be in broad qualitative agreement with the 
findings by Assovoskii and Istratov. 92 
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H. Application to DB Propellants 

A bifurcation diagram vs pressure was constructed for a catalyzed DB 
under test. 9,111215 A two-step distributed pyrolysis in the condensed phase 
was enforced, the first step being neutral in the temperature range r min to 
r tra and the second exothermic in the temperature range T tra to T s . Ther- 
mophysical properties were taken from the accurate work by Zenin (see 
Chapter 6 for a good summary); the complete dataset is reported as Table 
2 in Chapter 16, while the whole procedure of patient data handling and 
smoothing is illustrated in Ref. 15. 

The afiy transient flame model was applied with two different submodels 
for the characteristic gas-phase time: one deduced from the overall mac- 
rokinetics proposed by Zenin (see Chapter 6) and another being the clas- 
sical overall second order Arrhenius kinetics; see respectively Eqs. (40) 
and (39a). The results obtained are reported in Fig. 25, showing the drastic 
difference produced by just changing one ingredient of the whole modeling 
effort: intrinsic stability may or not be missing in a narrow pressure range 
related to super-rate burning. Numerical computations were then per- 
formed by integrating the PDE-based governing set of equations (presented 
in Sec. III) and ignoring the ODE-based stability theory (presented in 
section VI. B.). The results, reported in Fig. 26, confirm the analytical 
predictions from the approximate nonlinear stability analysis (Sec. VI). 

A good discussion of this problem and, in general, of the results achiev- 
able by numerical integration are given by Galfetti et al. in Chapter 16 



i u. 




o! i : i i ! I I 

0 5 10 15 20 25 30 35 

PRESSURE, p.atm 

Fig. 25 Bifurcation plot vs pressure for a catalyzed double-base showing the 
effect of different flame models (simplified Zenin kinetics and second-order 
Arrhenius kinetics); disturbance temperature approximated by cubic polynomial 
profile. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 

STABILITY THEORY BY FLAME MODELS 593 




rrr^ [\ ARRHENIU5 
ZENIN 



0.00 18.75 37.50 56.25 75.00 93.75 112.50 131.25 150.00 

N0NDIM. TIME x 

Fig. 26 Numerical experiments cunflrming the analytical predictions of Fig. 25: 
simplified Zenin kinetics features unstable steady solution at 8.5 atm (dashed 
line), whereas second-order Arrhenius kinetics features time-invariant steady 
solution at 5 atm (dotted line) and oscillatory self-sustained steady solution at 8 
atm (solid line). 



(Figs. 4-7). The lesson at this point is only that a variety of transient flame 
models will in principle generate a variety of results (in terms of both 
analytical predictions and numerical computations) . Although several in- 
gredients are ready for use, the problem of nonsteady DB combustion still 
is too intricate to be amenable to practically useful analyses. 

VII. Conclusions and Future Work 

A review was given of the main problems facing analysis of transient 
solid propellant combustion and intrinsic stability by flame models. Thick 
flames are in general considered more realistic than thin flames. Among 
thick flames, the classical KTSS flame (anchored, uniform heat release, 
and temperature independent characteristic gas-phase time) , with low sur- 
face and/or condensed-phase heat release, is found to exhibit the most 
intrinsically stable burning configuration. Thick flames of increasing heat 
release zone are intrinsically less stable and, therefore, more sensitive to 
dynamic burning conditions; the reason for this being the weaker energetic 
coupling prevailing at the burning surface between the condensed and gas 
phase. In general, increasing pressure helps intrinsic combustion stability 
by shrinking the flame thickness and increasing the heat release fraction 
occurring in the gas phase. Both effects in turn imply an increase of heat 
feedback from the gas phase to the burning surface. Thus, at larger pres- 
sures, larger values of heat released at the burning surface and/or con- 
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densed phase are required to trigger upper instability or self-sustained 
oscillatory combustion. Nevertheless, keep in mind that increasing the gas- 
phase heat release fraction is of no effect, even for steady combustion, 
should the heat feedback to the burning surface fail to be correspondingly 
increased. 

The most important factor, however, affecting transient flames is the 
temperature dependence of the gas-phase characteristic time. Fundamental 
work needs to be done in this area with specific reference to the nature of 
the burning solid propellant. The analysis so far accomplished points out 
that temperature dependence of both chemical kinetics and mass diffusion 
makes any flame intrinsically less stable; in addition, kinetics effects are 
sensibly dominant over diffusive effects. This makes DB flames much more 
responsive to external or intrinsic disturbances than composite propellant 
flames. In general, the flame thickness behaves as the burning rate in the 
high burning rate region, but as the function F(a,3,-y; R 2 (j' g )) in the low 
burning rate region (see Sees. III. F. 2 and VI. C. 5); thus, temperature ef- 
fects are dominating in the low burning rate region through the assumed 
diffusion and/or kinetic mechanism. 

Nonlinear stability properties diseussed in this chapter were determined 
by an approximate integral method and within the framework of QSHOD 
thermal models. They relate to thermokineties of deflagration waves; wave 
propagations in the gas-phase are out of the scope of this work. Within 
these limits, a unifying mechanisms ties up PDL vs dynamic extinction, 
steady-state solutions whether they be time-invariant or self-sustained os- 
cillatory, deflagration limits, and diabaticity effects. Ali results obtained 
markedly depend on the transient flame model. For a matter of space, the 
effects of thermophysical properties (evaluated in Chapter 5) were not 
diseussed. Most of the stability predietions made in this study were suc- 
cessfully verified by independent numerical integration computations (see 
Chapter 16); several outeomes were also checked, at least qualitatively, 
by experiments (e. g., see Chapter 11). 

Intrinsic stability of one-dimensional deflagration of pure AP was in- 
vestigated by Strahle 93 reporting intrinsic instability to one-dimensional 
disturbances above some limiting upper pressure. The limitations of QSHOD 
approach were overcome by Margolis and Williams 29 30 resorting to asymp- 
totic analysis. Further advances in fundamental physical processes are badly 
needed, with particular reference to the chemical kinetics networks of 
premixed flames, heterogeneity of condensed-phase, burning surface pro- 
cesses, and planarity in solid propellants burning under wide and widely 
varying operating conditions. 
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Chapter 15 



Theory of Nonsteady Burning and Combustion 
Stability of Solid Propellants 
by the Zeldovich-Novozhilov Method 

B. V. Novozhilov* 
USSR Academy of Sciences, Moscow, Russia 

Nomenclature 



A = initial substance 

A DB = Denison-Baum model parameter 

a = parameter defined by Eq. (48) 

B = products of reaction 

C = integration constant 

c = specific heat, cal/g K 

D = mass diffusivity in gas phase, cm 2 /s 

d = mass diffusive flow, g/cm 2 s 

E = activation energy, cal/mole 

F = dimensionless temperature of Fourier transform 

/ = temperature gradient, K/cm 

g = function defined by Eq. (53) 

h = function defined by Eq. (53) 

/ = integral defined by Eq. (24) 

i = imaginary unity 

j = function defined by Eq. (47) 

K = pre-exponential factor in Arrhenius equation 

k = dimensionless parameter defining dependence of steady-state 

burning rate on initial temperature, Eq. (29) 

L = evaporation heat, cal/g 
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m 


= 


mass burning rate, g/cm 2 -s 


N 


_ 


number of components in a gas phase 


p 


= 


pressure, g/cm s 2 


P 


= 


dimensionless pressure 


Q 
— 


_ 


thermal effect, cal/g 


a 




function defined by Eq. (54) 


<?DB 


= 


Denison-Baum model parameter 


R 


= 


universal gas constant, cal/mole K 


R 


= 


dimensionless burning rate 


r 


— 


dimensionless parameter defining surface temperature depend- 






ence in steady-state regime on initial temperature, Eq. (29) 


s 


= 


variable in Fourier transform 


T 


= 


temperature, K 


t 


= 


time, s 


U 


= 


function defined by Eq. (10) 


u 


= 


linear rate of burning, cm/s 


V 




function defined by Eq. (10) 


W 


... 


molecular weight, g/mole 


X 




space coordinate, cm 


Y 




mass fraction of a component in gas 


y 




integration variable 


z 




root of characteristic equation defined by Eq. (34) 


a, 7 




Denison-Baum model parameters 



A = parameter defined by Eq. (65) 
8 = parameter defined by Eq. (47) 
e = Denison-Baum model parameter 
0 = dimensionless temperature 
® s = dimensionless surface temperature 
8, = dimensionless temperature 
k = thermal diffusivity, cm 2 /s 

k = dimensionless damping decrement defined by Eq. (41) 

\ c , X g = thermal conductivity of condensed and gas phases, cal/cm s K 

)x = dimensionless parameter defining dependence of steady-state 

burning rate on pressure, Eq. (29) 
v = dimensionless parameter defining surface temperature depend- 
ence in steady-state regime on pressure, Eq. (29) 
£ = dimensionless space coordinate 
p = density, g/cm 3 

a = ratio of characteristic relaxation times of gas and condensed media 

defined by Eq. (47) 
t = dimensionless time 
(£> = function defined by Eq. (46) 
cp = dimensionless temperature gradient 
W = function defined by Eq. (46) 
O. — dimensionless complex frequency 
w = dimensionless frequency 

Superscripts 

a = complex amplitude 
as = analytical solution 
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c 


= solution in t c approximation 


r 


= solution in t r approximation 


( )* 


= boundary of stability 


t) 


= complex conjugation 


Subscripts 


a = 


initial temperature 


b = 


combustion products 


c = 


condensed phase 


e = 


effective value 


/ = 


flame 


8 = 


gas phase 


i = 


initial condition 


/ = 


boiling 


n - 


number of components in a gas phase 


P = 


pressure 


r = 


delay 


s = 


surface 


U = 


referred to function U 


V = 


referred to function V 


0 = 


steady-state value 


1 = 


linear correction to a steady-state value 




I. Introduction 



I N solid-propellant rocket motors, the burning rate often does not remain 
constant in time. Among such nonsteady processes are ignition and 
extinction of propellant, combustion driven by spontaneous pressure os- 
cillations in the combustion chamber, all kinds of transient-combustion 
regimes (for instan ce, transition from one value of pressure to another), 
and so on. The lack of a consistent theory of steady-state propellant burning 
describing facts experimentally observed makes it difficult to develop the- 
ories for nonsteady phenomena. However, a phenomenological theory of 
sufficiently slow nonsteady processes can be worked out, even without a 
detailed picture of steady-state processes. In many cases, we can disregard 
the relaxation time in the regions of chemical reactions, as well as in the 
regions of combustion products, compared to the time of thermal relaxation 
of the heated condensed layer. The quick-response regions in this approx- 
imation are considered to be quasistationary. They react quickly to changes 
in external conditions and a temperature gradient in the condensed sub- 
stance at the interface. 

Thus, to calculate a nonsteady process, it is necessary to consider rather 
slow variations of the temperature profile in the propellant. The theory 
contains the only value of time scale that determines the nonsteady proc- 
esses in a propellant, i. e., thermal layer relaxation time t c . We call this 
approach the t c approximation. This chapter is devoted to the theory of 
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nonsteady burning of solid propellants according to the phenomenological 
approach developed by Soviet investigators. 

The basic assumptions of the t c approximation are formulated in the 
second part of the chapter. From those assumptions, it follows that an 
instantaneous state of a quick-response region is the function of an in- 
stantaneous value of temperature gradient in the condensed phase at the 
interface and the instantaneous value of pressure (or some other external 
parameter). Therefore, we can express any quantity as functions of the 
instantaneous pressure and condensed-phase temperature gradient at the 
interface. Such functions can be obtained from the steady-state burning 
characteristics of a given propellant. Two kinds of analysis, differential 
and integral, are presented. In the first analysis, an essential element of 
the theory is the temperature distribution in the condensed phase. This 
function, however, is seldom used in practice. In the second analysis, it 
was found possible to build the theory in such a way that only the values 
of interest, such as pressure and burning rate, are directly interrelated. 

The third part of this chapter deals with the conditions for steady-state 
combustion stability at constant pressure. The stability condition for a 
steady-state regime is obtained through linear approximation. It includes 
only two parameters, i. e., the derivatives of steady-state burning rate and 
surface temperature with respect to initial propellant temperature. The 
study of the perturbation asymptotic over a long period of time makes it 
possible to introduce an important property of the propellant (i. e., the 
natural frequency of burning-rate oscillations or other time-dependent pa- 
rameters) . 

The role of quick-response zones compared to the condensed phase in 
the theory of nonsteady processes is addressed in the fourth part of the 
chapter. In the case of a substance whose transition phase is evaporation, 
the stability conditions for steady-state burning are derived, analytically, 
taking into account the characteristic relaxation times of the gas-heating 
region and the zone occupied by combustion products. For small values 
of the derivative of surface temperature with respect to initial temperature, 
consideration of finite gas-phase relaxation time leads to an essential wid- 
ening of the steady-state burning stability region and a qualitatively new 
expression for the natural frequency of the propellant. 

Within the framework of the phenomenological method, a new approach 
for the nonsteady burning theory of condensed systems is also formulated. 
This permits us to study approximately the effects of the relaxation times 
of chemical-reaction zones. This approach is called the t r approximation, 
unlike the t c approximation, in which only the thermal inertia of the con- 
densed-phase thermal layer is considered. The nonsteady processes in the 
t r approximation are investigated on the basis of steady-state burning prop- 
erties. The role of quick-response zones is introduced through a phenom- 
enological value of lag time, which can be estimated by studying the struc- 
ture of quick-response zones. The efficiency of the new approach is evi- 
dent from the comparison of three solutions of the steady-state burning- 
stability problem, i. e., the analytic solution and the solutions in the t c 
and t r approximations. 

The last part of the chapter focuses on some fundamental problems in 
the theory of nonsteady burning of solid propellants. 
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II. t c Approximation 

Combustion always involves a number of chemical reactions; in most 
cases, the burning rate depends on chemical kinetics. Therefore, practically 
every combustion theory essentially incorporates the kinetic characteristics 
of the reactions. With few exceptions, combustion kinetics are not suffi- 
ciently understood at present. Little is known, for example, about the 
kinetics of reactions involved in the combustion of condensed substances, 
hence the necessity of introducing certain reaction models into theoretical 
calculations that only slightly resemble the real chemical processes. It is 
common practice to adopt the Arrhenius dependence of the reaction rate 
on the temperature and the power dependence of the reaction rate on the 
reactant concentrations; typically, 

RR « Y" exp(-£/RT) 

It is obvious that such investigations are only qualitative and hardly 
suitable for comparison with experimental data. For instance, the steady- 
state burning theory for condensed substances has been developed exclu- 
sively for the simplest types of chemical reactions. Although this type of 
analysis can supply a qualitative explanation of the dependence of the 
burning rate (say, on the pressure or the initial temperature of the pro- 
pellant), it is practically impossible to compare its results with experimental 
results simply because it is associated with a very idealized reaction model. 
Real physicochemical processes are much more complicated than such 
theoretical ones. Moreover, it appears impossible to develop a quantitative 
steady-state burning theory that would hold good for a broad class of widely 
differing propellants. 

At first glance, a nonsteady burning theory claiming quantitative agree- 
ment with experimental results should be more complicated than a steady- 
state theory. This is true when we deal with a theory incorporating real 
kinetics of chemical reactions. However, it is possible to deduce to a rather 
good approximation, a phenomenological nonsteady theory in which the 
kinetics of chemical reactions and all of the complex physical processes 
involved in combustion would be automatically included by the introduc- 
tion of data obtained from steady-state experiments. 

The fundamental concept of the f c approximation was put forward by 
Zeldovich in 1942. Reference 1 shows that, if we ignore the gas-phase 
inertia (relaxation time) compared with the thermal-layer inertia of a pro- 
pellant, then the quasisteady assumption for the gas phase is applicable 
for processes slower than the relaxation of a gas phase. Thus, the problem 
can be reduced to consideration of a comparatively slow variation of the 
temperature profile in the propellant. 

A great advantage of this theory is that it permits consideration of non- 
steady burning without involving a steady-state theory. The theory includes 
only the dependence of mass burning rate m on pressure p and the tem- 
perature gradient of the condensed phase at the interface f cs , i. e., m = 
m{f cs ,p). This dependence can be introduced into the theory through a 
known relationship between initial temperature T a , pressure, and mass 
burning rate m 0 = m 0 (T a ,p) (the zero subscript corresponds to the sta- 
tionary value). It should be noted that, in Refs. 1 and 2, a rather oversim- 
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plified model of burning was used. It was assumed that the interface 
temperature T s was independent of the external conditions (pressure and 
initial temperature). When analyzing nonsteady processes, if we assume 
the surface temperature T s to be constant, this would lead to a discrepancy 
between theoretical and experimental results; there seems to be no real 
system by which this condition can be fulfilled. 

In Refs. 3-5, the author succeeded in generalizing the preceding Zel- 
dovich approach for more realistic situations and formulated the nonsteady 
burning theory with allowance for surface-temperature variations. Under 
unsteady operations, the surface temperature as well as the burning rate 
are determined by the instantaneous values of pressure and temperature 
gradient at the surface of the propellant side, i. e., m(f cs ,p) and T s (f cs ,p). 
It will be shown later that these nonsteady dependencies can be deduced 
from steady-state relationships m 0 (T a ,p) and T s0 (T a ,p), obtained experi- 
mentally or theoretically from consideration of any particular combustion 
model. 

The aforementioned procedure is also true for the nonsteady phenomena 
occurring in the presence of a time-varying tangential gas flow along the 
propellant surface. In this case, the symbol p, used in the functions given 
in this chapter, will denote tangential flow velocity rather than pressure. 6 
A sufficiently exhaustive review of the papers written up to 1975 within 
the framework of the given approach can be found in some monographs. 7,8 

Basic Assumptions 

1) Numerous experimental data indicate that, during propellant burn- 
ing, the interface remains plane (for a sufficiently large sample diameter). 
In the text that follows, a space coordinate system is used to move the 
unreacted propellant in the positive direction of the x axis with a velocity 
that coincides with the linear regression velocity u c {t)- The interface surface 
therefore remains fixed at any combustion regime. 

During combustion, chemical processes accompanied by heat transfer, 
reactant diffusion, and gas motion take place in the condensed phase and 
gas region near the interface. Accordingly, the entire space can be divided 
into three regions (Fig. la). 

C region (-°° < x < x c ): The region in which condensed-phase heating 
occurs. There is no chemical transformation whatsoever. 

S region (x c < x < x g ): Here, the condensed phase is transformed into 
intermediate gaseous products. The coordinate x g corresponds to the in- 
terface. 

G region (x g < x < °°): Here, as a result of gas-phase reactions, the 
intermediate products are transformed into the end products of burning. 
This transformation is accompanied by heat transfer, mass diffusion, and 
gas motion. 

Thus, a one-dimensional problem is considered (all values depend on 
only one spatial variable, x). We should assume that the propellant is 
homogeneous and isotropic and that the boundaries between the zones are 
planes. These requirements are necessarily fulfilled for homogeneous com- 
positions. For the heterogeneous propellant, such an approach is valid 
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Fig. 1 Combustion wave structure of a homogeneous propellant. a) C region 
(-00 < x < x c ), S region (x c < x < x g ), and G region (x g < x < »). b) In the t c 
approximation, the S region is replaced by the S plane (x c = x, = 0). Here T(x c ) 
= T(x s ) = T s . 



when the size of oxidizer and fuel particles is much less than the charac- 
teristic size of the thermal layer following the steady-state theory, i. e., the 
propellant thermal layer k/u c0 , where k is the propellant thermal diffusivity. 

2) In the t c approximation, the relaxation times of S and G regions 
(respectively, t s and t g ) are taken to be zero. In other words, these regions 
are considered to respond quickly to changing external conditions. Ex- 
perimental investigations of the burning zones in ballistite propellants 9 
indicate a good fulfillment of the inequalities t s « t c and t g « t c . This 
result can also be obtained from simple estimates of the processes occurring 
in these zones. The first inequality results from the fact that the chemical 
transformation zone of the condensed phase is narrow. The second one is 
connected with a small ratio of gas and propellant densities (for details, 
see Refs. 7-9). 

3) In order to derive basic relationships of nonsteady burning theory in 
the t c approximation, it is necessary to consider the S region as infinitely 
thin. If it is assumed that both x c and x g tend to zero (Fig. lb), instead of 
an S region, we obtain an interface S plane (x = 0), the temperatures 
T(x c ) and T(x s ) being coincident. Henceforth, the temperature of the S 
plane will be called the "surface temperature," and will be denoted as T s . 
The approximation of an infinitely thin S region does not permit us to 
consider in detail physicochemical processes occurring in this region. As 
a result, it is necessary to provide the S plane with some definite properties. 
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The properties of the 5 surface are specified when the theory is supple- 
mented with the steady-state burning characteristics. 

4) In the t c approximation, we can consider only rather slow changes of 
an external parameter (pressure). If the characteristic time of the changing 
pressure is t p , the inequalities t p » t s and t p » t g should be fulfilled. In 
other words, S and G regions should adjust themselves without delay to 
a changing external parameter. 

5) In order to build the t c approximation, it is necessary to know the 
steady-state dependencies of combustion rate and surface temperature on 
initial temperature and pressure m 0 (T a ,p) and T s0 (T a ,p). In some cases, 
further information about the steady-state regime is also needed; for ex- 
ample, the dependence of the temperature of combustion products on the 
same parameters T b0 (T a ,p). 

6) The preceding major assumptions are essential for the given approx- 
imation. In order to simplify the analysis, minor assumptions are intro- 
duced. For example, the model does not consider thermal losses, energy 
transfer by radiation, or the influence of external forces. Moreover, it is 
assumed that the density of the condensed phase, its specific heat, and the 
coefficient of thermal conductivity are temperature-independent. 

Steady-State and Nonsteady Laws of Burning 

Under steady-state conditions, the propellant burning rate, surface tem- 
perature, and any other properties depend on initial temperature and pres- 
sure. Thus, the variables T a and p are suitable for studying steady-state 
burning, and we can deliberately change them to examine the dependence 
by systematic variation. The dependence of steady-state burning properties 
on these parameters, e. g., m Q (T a ,p) and T s0 (T a ,p), will be considered sub- 
sequently as the steady-state laws of burning. 

In general, it is difficult to use the steady-state relationships directly in 
the theory of nonsteady burning. In fact, the instantaneous state of S and 
G regions by no means depends on the temperature profile of the propellant 
far from these regions. At any given moment, the state of these zones can 
be determined only by the neighboring region of the condensed phase. 
Such a distortion of a temperature profile, as plotted in Fig. 1, has little 
effect on the burning rate at a given moment. Therefore, to consider the 
nonsteady processes, we should introduce, instead of T a , some other pa- 
rameter of the condensed phase that would directly affect the processes in 
S and G regions. 

Our task is to show that the propellant temperature gradient taken at 
the interface of x = 0" is such a parameter. 

The first attempt to prove this assumption was made by the author (see 
Ref. 5). In this work, only the thermokinetic aspects of the phenomenon 
were considered. Without any essential changes, the results have been 
cited in some monographs, 7,8 a paper, 10 and a review 11 ; in the review, there 
was considerable simplification of the problem and erroneous references 
to the background material. 

In the following, we make a more consistent conclusion: within the 
framework of the foregoing assumptions, there exist nonsteady laws of 
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burning, i. e., the dependence between the instantaneous values of tem- 
perature gradient, pressure, and any property of the S and G regions. In 
contrast to Ref. 5, we also consider the diffusion aspects of this problem, 
along with the kinetic and thermal aspects of the phenomena. 

Consider the state of a system at some arbitrary instant. The burning 
regime can be either steady-state or nonsteady. Since all the correlations 
that follow are related to noninertial regions, they hold true for any burning 
regime. 

The gas pressure in the G region is taken to be constant in space. This 
is a common approximation of combustion theory, since the velocity of 
gas motion is small in comparison with the sound velocity in gas. The 
equations describing the burning process should omit partial-time deriva- 
tives of all values, as required by the noninertia condition. Only the steady- 
state equations of noninertial zones should be considered in the t c ap- 
proximation. The dependence of all values on time should appear only 
through pressure or boundary conditions. From a continuity equation, it 
follows that the mass velocity of the gas flow m g , coinciding with the mass 
burning rate, is independent of the coordinate. The gas density included 
in the balance equations of energy and gas components is clearly connected 
with temperature and mass fractions of the components Y„ (their number 
is TV, n = 1, 2, 3, . . ., TV) through the state equation of an ideal gas. 

The number of independent components is N - 1; therefore, in order 
to give a comprehensive description of the G region, it is necessary to 
consider TV - 1 equations of the components' balance and one equation 
of energy conservation (the heat-conduction equation with chemical sources). 
Each is a second-order equation, and their integration therefore requires 
2TV arbitrary constants. Moreover, from the same equations, we can find 
an eigenvalue, i. e., the mass burning velocity m g . Thus, these equations 
require 2TV + 1 boundary conditions. 

At x the boundary conditions should correspond to the equilibrium 
state of the combustion products, 

dT d Y",, 

- = 0, — = 0 (1) 

The number of conditions is equal to TV. Let us take another TV + 1 
boundary conditions atx = 0 + , i. e., at the interface surface from the gas- 
phase side, 

* = 0+, T=T„ ^ = f s „ Y n = Y m (2) 

The values T s , f gs , and Y ns , whose numbers total N + 1, are unknown. 
The claim is made that conditions (1) and (2), as well as the known value 
of pressure p, are sufficient to determine the space distribution of the 
temperature and mass fractions of the components: 

Tg ~ T g{x ,T S7 fg S ,Y ns ,p*) , Y n Y n (x,T s ,f gs ,Y ns ,p*) (3) 



The mass velocity m g is independent of the space coordinate, and its 
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value is also determined by pressure and by the parameters noted: 

m s = m g( T s,fgs;Y m ;P) (4) 

The functions in Eqs. (3) and (4) fully determine the state of the G 
region at any given instant. In particular, by accepting x — » oo, we can 
determine the composition and temperature of the products from Eqs. (3). 
The diffusive flows at the interface are found from the known functions 
Y n (x), through their coordinate derivatives: 

d ns = d ns (T s ,f gs ,Y ns ,p) (5) 

Such relationships amount to N - 1. 

Consider now an S plane. As a result of complicated physicochemical 
processes occurring on this plane, a propellant is transformed into gas with 
mass velocity m s . This velocity, as well as the intermediate product com- 
position and thermal effect, may depend on pressure, the boundary con- 
ditions at the sides of the plane, and the inner parameters of the plane. 
Since the zone is taken to be infinitely thin, it is only one inner parameter, 
i. e., the temperature T s . By introducing the value f cs for the temperature 
gradient at the interface from the propellant side, we can write 

m s = m s(fcs>T s ,f gs ,Y ns ,p), m ns = rn ns {f cs ,T s ,f gs ,Y ns ,p) ^ 

Qs = Qs(fcsX,f SS ,Y ns ,p) 

where m ns are the mass flows of the components generated by the S plane 
(some may be equal to zero), and Q s is the overall thermal effect of the 
reactions in the zone under consideration. N + 1 correlations are given 
in Eqs. (6). 

The C, S, and G regions are related by the balance conditions of mass, 
energy, and components. 

m s = m g , m ns = m g Y ns + d ns , \J CS = \J gs + m g Q s (7) 

The number of correlations (7) is N + 1. 

Thus, Eqs. (4-7) contain 3N + 2 relationships, which involve the same 
number of parameters characterizing the instantaneous state of the S and 
G regions: T s , f gs , m s , m g , Q s , Y„ s , m ns , and d m . Equations (4-7) contain 
two more values: pressure and the gradient f cs , which is a property of the 
C region. Perhaps, from the noted relationships, we can determine any of 
the listed parameters as a function of those two values, e. g., T s = T s {f c „p) 
or m s = m s (f cs ,p). 

In the following, we simplify the symbols. The mass burning velocity is 
designated through m (m = m s = m g ); instead of/„, we write /to denote 
the temperature gradient in the propellant at the surface. 

In the t c approximation, the dependencies 

m = m(f,p), T s = T s (f,p) (8) 

are of great significance because the burning rate m is included in the 
heat-conduction equation and the surface temperature in the boundary 
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conditions: 

dT d 2 T dT ATT (q\ 

— = k — - - u c — ; x = 0, T = T. (9) 

(Remember that thermophysical properties of the propellant are taken 
as constant.) Apart from the dependencies in Eqs. (8), other properties 
of the quick-response regions, i. e., temperature T b (f,p) and composition 
Y„ p (f,p), of the combustion products can be of interest in various problems 
of nonsteady burning theory . The first of these functions plays an important 
role in studying the combustion stability in semiclosed volume. 

Correlations of the type shown in Eqs. (8) are called the "nonsteady 
laws of burning." They can be put into agreement with the steady-state 
dependencies m 0 (T a ,p) and T s0 (T a ,p). 

Let the steady-state combustion laws be 

m 0 = U(T a ,p), T s0 = V(T a ,p) (10) 

From the heat-conduction equation [Eq. (9)], the steady-state temperature 
distribution and the corresponding value of the gradient follow: 

T 0 (x) = T a + (T s0 - T a ) exp(u c0 x/K), ^ 
/o = u c0 (T s0 - T a )lK 



By expressing T a through/ 0 , T sQ , and u cQ , we get, from Eq. (10), 

U(T s0 - Kf(Ju cQ ,p) 
V(T s0 - Kfju c0 ,p) 



m 0 = U(T s0 - Kfo/u^p) ^ 



Now we take the last and most important step. When we stated that the 
instantaneous state of quick-response regions is defined by pressure and 
that the thermal gradient is simultaneous, we did not set limits on the type 
of burning regime (it could be either steady state or nonsteady). Thus, the 
dependencies in Eqs. (8) are true for any regime; they are the same for 
both steady state and nonsteady. But, for the steady-state regime, they are 
known and are represented in the form of Eqs. (12). Therefore, by omitting 
the index responsible for the steady-state operation in Eqs. (12), we obtain 
the dependencies that are true in the nonsteady process as well: 

m = U(T S - fK/u c ,p) 
T, = V(T S - /k/u c ,p) 

If necessary, these relationships can be resolved with respect to m and T s 
and represented in the form of Eqs. (8). The same is valid for any other 
function determining the state of S and G regions. 

The possibility of transition from steady-state laws [Eqs. (10)] to non- 
steady [Eqs. (13)] means that, in the considered approximation, where the 
inertia of only the condensed phase is taken into account, any state of S 
and G regions in the nonsteady regime will coincide exactly with the definite 
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steady state. It can be characterized by an effective initial temperature: 

T e = T s ~ fK/u c (14) 

It should be noted that, in some cases, such coincidence may turn out to 
be purely formal. In fact, stationary states can be realized when the initial 
temperatures are higher than absolute zero (if the system is at all capable 
of burning at sufficiently low initial temperatures). The values of the ef- 
fective temperature [Eq. (14)] can be as low as we want (in particular, the 
temperature can be negative). The negative values of T e do not lead to 
any physical contradiction since T e is only the asymptotic value of the initial 
temperature of some stationary profile [Eqs. (11)] at a given value of 
burning rate, surface temperature, and thermal gradient. Such a steady- 
state regime can by no means be realized experimentally, but, theoretically, 
we may also consider the stationary regime at negative "effective" initial 
temperatures. 

Formulation of the Problem in t c Approximation 

Two aspects must be considered in the theory of nonsteady burning. The 
first is associated with determining the burning rate with given external 
conditions (pressure or tangential flow velocity). Let us call this an "in- 
ternal" problem of the nonsteady burning theory. Solution of problems in 
nonsteady burning with given external conditions opens a way to study 
combustion with a variable burning rate in combustion chambers. In in- 
vestigating the second class of problems, the pressure-time relationship 
should be replaced by equations relating the pressure and temperature in 
the combustion chamber to the nonsteady burning rate and the temperature 
of the gases formed. As a result, we must find both the burning rate and 
pressure, besides the temperature inside the combustion chamber. This 
problem (let us call it "external") can be solved only if the internal problem 
has been investigated. Solution of the internal problem, which is basic for 
all kinds of applied problems, should be considered the main problem in 
the nonsteady combustion theory. Therefore, we will restrict the following 
to consideration of the internal problem only. 

The problem of finding the nonsteady burning rate in the t c approxi- 
mation is reduced to accounting for the thermal inertia of the propellant 
by solving the heat-conduction equation: 

dT d 2 T dT 

= K — U c 

dt dx 2 dx 

with boundary conditions: 

x -> oo, T = T a ; x = 0, T = T s 
at the given initial state and pressure in time: 



/ = 0, T(x,0) = T,{x); p = p{t) 
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The laws of nonsteady combustion are known, i. e., the relationships be- 
tween the mass burning rate, surface temperature, temperature gradient, 
and pressure: 



m = m(f,p), T s = T s (f,p) 



where 



Dimensionless variables are used in successive developments. In any 
problem, it is possible to determine a basic steady-state regime. Let u c0 be 
the linear rate of the steady-state combustion at pressure p 0 , and introduce 
a dimensionless space coordinate, time, pressure, and burning rate with 
the help of the following definitions: 

4 = u c(> kk, t = (u c0 ) 2 t/K, P = p/p 0 , u c /u c0 (15) 

The dimensionless space coordinate and time are expressed in terms of 
characteristic length and characteristic time of the propellant. 

The temperature in the condensed phase, the gradient, and the tem- 
perature at the surface can be conveniently expressed in the form of 

9 = TI(T s0 - T a ), % s = T s /(T s0 - T a ), (p = f/f 0 (16) 

The internal problem, in terms of these variables, is formulated in the 
following manner. Find the burning rate R(t) from the heat-conduction 
equation, which takes into account the thermal inertia of the propellant: 

d@ _ cf@ „ a@ 
9t ~ di; 

with initial and boundary conditions 

ea,o) = e,©, 6(-=,t) = e B , e(o, T ) = e s (18) 

where Q a = TJ{T s0 - T a ). 

The following relationships are also given: 

R = R(<p,P), Q s = e 5 (cp,P) 

where 



2 * T, ( 17 ) 



and the pressure dependence on time P(t). 

At the steady-state regime, for P = 1, we have 

0 O = % a + e«, s 0 = 1, Ro= 1, 8 s0 = e fl + 1 (20) 
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Integral Equation for Nonsteady Burning Rate 

When solving the problems of nonsteady burning theory in terms of Eqs. 
(17-19), we also determine the temperature distribution in the condensed 
phase 0(£,t). This function is a by-product of the theory since it is not 
needed for the solution of interior ballistics problems. The main purpose 
of the nonsteady combustion theory is to predict the time behavior of the 
burning rate R(j) in dependence on pressure. The theory can be repre- 
sented without the previously mentioned function of the two variables. 6 
Since a propellant is inertial, the relation between the burning rate and 
the pressure is integral; i. e., the value of the rate at the moment t is 
determined by both the initial condition and the behavior of pressure P(t') 
at 0 < t' < t. 

Let us use the Fourier transform in the heat-conduction equation [Eq. 
(17)]: 

F(s,t) = e(y,T)e-'^ dy 

J — cc 

Since the function 0(£,t) on the right-hand side of the surface is not given, 
it is convenient to take it equal to zero at g > 0. Simple calculations lead 
to the equation for the Fourier transform: 

^ + (s 2 + isR)F = <p - O s (R - is) (21) 
dT 

and the function F(s,t) should satisfy the initial condition 

F(s,0) = Ffc), Fj(s) = e t {y)e-"> dy (22) 

The linear equation [Eq. (21)] has a solution, 

F(s,t) = f [<p(y) - R(y)O s (y) + w6,(y)] 

Jo (23) 
x exp[-i 2 (T - y) - isI(-T,y)] dy + F^s) exp[-s 2 T - isl(i,0)] 

where the quantity is introduced: 

I(T,y) = P R(y) dy (24) 

Jy 

Apply an inverse transformation to Eq. (23): 

6(£,t) = ^ J_ F(s,T)e^ ds 
For temperature in the condensed phase, we obtain an integral expression: 

2rr 1/2 ea,T) = £{9(30 - %)G J (y) + Q s (y) [/(t, y) - €]/2(t - y)} 

x exp{- [I(T,y) - if4(T - y)}dy/(r - y) 1 ' 2 (25) 
+ t" 1/2 f e i (y)exp{-[/(T,0) + y — ^] 2 /4T}dy 
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This relationship includes three unknown functions of time: velocity R, 
gradient 9, and surface temperature Q s . The two relationships (19) between 
them are insufficient for definition and for calculation of 0(£,t). However, 
one can obtain the third relation by using Eq. (25) at the point £ = 0, i. e., 
at the propellant surface. Remember that, at ^ = 0, the temperature is 
disrupted (on the left, it equals 9^ and, on the right, it is zero). By taking 
i = 0 in Eq. (25), we should simultaneously multiply the right-hand side 
by 2 to get 

-n U2 e s (0 = \] Wiy) - R(y)e,(y) + e s (y)i(7,y)/2(r - y )] 

x exp[-P(T,y)/4(T - y)] djV( T - y) 1 ' 2 (26) 
+ t- 1/2 f 0,0) exp{-[/(T,0) + y] 2 /4 T } dy 

J —CC 

Taking into account the instantaneous relations (19), we have a closed 
system for defining any of the functions ^(t), 6 s (t), or 9(1-) by the given 
pressure dependencies on time, P(r). If necessary, we can find the tem- 
perature distribution in the condensed phase at any time from Eq. (25). 

The most interesting value is the burning rate. If the explicit form of 
the functions (19) is known, the system of Eqs. (19) and (26) can be 
represented as one integral equation for the nonsteady burning rate, whose 
value would depend, at a given moment t, on the entire history of change 
in the external parameter P(t'), (0 < t' < t). 

When solving problems of interior ballistics, we find that an integral 
equation may turn out to be preferable to an initial system (17-19) because, 
first, it is unnecessary to determine a secondary function of two variables. 
0(£,t). This leads in some cases to simplification of the numerical inves- 
tigation of problems for which there is no analytical solution. Some of the 
problems of the nonsteady burning theory can be solved through series 
expansion by a small parameter; for example, by amplitude of the har- 
monically varying pressure. In this case, an integral equation simplifies 
calculations significantly. Finally, another feature of the equation obtained 
is that it closes up the system of internal ballistics equations that contains, 
among other values, pressure and burning rate. Where they are constant 
or vary only slightly (a quasisteady regime), the system of internal ballistics 
equations is closed up by the steady-state relation m 0 (T a ,p). In the non- 
steady case, this relation should be replaced by the integral correlation 
(26) with additional conditions (19). 

Examples of the integral equation used in calculations of nonsteady 
processes can be found in Refs. 12 and 13. 

III. Stability of Steady-State Combustion at Constant Pressure 

A heat-conduction equation (17), with boundary conditions (18), at con- 
stant pressure leads to the steady-state regime (20). Such a solution has to 
be valid for any external steady-state conditions, for the given values of 
pressure and initial temperature. However, not every steady-state regime 
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can be realized in practice. The solution should not only satisfy the equation 
and the boundary conditions but should also be stable relative to small 
random perturbations. The stability of the regime means that, once small 
perturbations appear, they should attenuate in time. Conversely, the re- 
gime is unstable if the perturbations increase in time. Thus, the problem 
of the combustion stability is connected to investigation of small pertur- 
bations in time. Of course, this problem can be solved only in terms of 
the theory of nonsteady phenomena. 

Because of the mathematical difficulties of studying the nonlinear equa- 
tions, stability is often investigated in the case of small-amplitude pertur- 
bations. This makes it possible to linearize the initial problem and to obtain 
an analytical expression for the stability boundary. Note that linear ap- 
proximation is also effective in solving other interesting and important 
problems of the nonsteady burning theory (e. g., the stability of burning 
in a semiclosed volume and the acoustic admittance of the burning pro- 
pellant surface). 

Linear Approximation 

When the burning regime is weakly different from the stationary regime, 
this means that any time-changing value can be represented as the sum of 
stationary value plus a small correction. For the mass burning rate, for 
example, we can write m{t) = M 0 + m^t), where m 1 « m 0 for all t. In 
all transformations and final expressions of a linear approximation, only 
the values proportional to the first order of correction are taken into 
account. 

Let us begin with linearization of nonsteady burning laws: 

m = U{T e ,p), T s = V(T e ,p), T e = T s - KpJIm 
Substitute the expressions 

m = m Q + m u f = f 0 + /i, T s = T s0 + T sl , p = p Q + p 1 
and expand the functions U and V to the first-order terms. Then we have 

m, = T sl - (T s0 - T a ){fJfo 



T* = T sl - (T sQ - TM/f 0 

Note that the derivatives are calculated at the steady-state regime. In other 
words 

(f) ■ (w) • (r) - (t 8 ) 

\ dT J P \dT a / p \dp/ Te \dpJ Ta 

dV) = fe\ (d_V\ = (dT^) 

dTj p \dTj; \dp) Te \dp) Ta 



ou \ 



(dV 

\dT e 



ou 

+ '^Tp 



(27) 



+ P 



(SV 



T, 
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In dimensionless variables, 

'"o /o sO -'a FO 

and the correlations (27) are written in the following form: 

R, = fc(0,! - cpi + Ki) + vP, (28) 
©.i = - <Pi + i?!) + |XP X 

The following dimensionless parameters are introduced at this point: 

5 &m 0 \ / 3 &m 0 ' 



* = (^o ~ T a ) 



(29) 



7«/ 



The parameter v characterizes the dependence of the burning rate on 
pressure. It has been used in most papers dealing with the burning of 
propellants. The parameter k was introduced into a nonsteady combustion 
theory in Refs. 1 and 2. The derivatives r and u>, which characterize the 
surface-temperature variation with respect to the initial temperature and 
pressure, were introduced into the theory in Refs. 3 and 14. 

Thus, the nonsteady combustion laws considered in the linear approxi- 
mation yield two relations (28) between perturbations of the burning rate, 
surface temperature, and gradient. These relations include only four pa- 
rameters, whose values are determined by the properties of the propellant 
and the external conditions (values k, r, v, and u, can change with pressure 
or initial temperature). When considering the internal problem of the non- 
steady combustion theory, in the linear approximation, we need only the 
previously mentioned four parameters to characterize fully the behavior 
of the propellant at small deviations from the steady-state regime. 

In some cases, these parameters may turn out to be dependent. Consider 
a Jacobian, 

d{/ntn 0 ,T s0 ) 

— ; ^rr = vr — \xk 

d{/>»p,T a ) 

If this value equals zero, it means that, although each of the two functions 
m 0 (T a ,p) and T sQ (T a ,p) depends on two variables, there is a certain cor- 
relation between them. That is to say, one of the functions can be repre- 
sented as the function of the other, m 0 (T s0 ). In the t c approximation, such 
a relation also exists in the nonsteady regime. When the Jacobian is zero, 
one of the parameters (29) can be found from the values of the remaining 
three. 

In many papers on nonsteady combustion (e. g., Refs. 15 and 16), a one- 
value (Arrhenius) relation between the surface temperature and gasifica- 
tion velocity of the propellant is postulated. In such models, the propellant 
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is characterized only by three parameters (in the linear approximation). 
Within the experimental errors, a direct relation m 0 (T s0 ) was actually found 
for real ballistite propellants (see Ref. 17). 

Consider the linearized heat-conduction equation. Substitute in Eq. (17) 

© = e a + e« + ©!, R = 1 + 7?! 

and neglect small-perturbation terms of the second order to obtain a linear 
equation: 



^ = ~ ~ R ^ (30) 



30 t _ cp©i _ m 

with boundary and initial conditions, 

4^ -oc, ©i = 0; i = 0, ©!=©,! 

T = 0, ©j = 0,^) (31) 

For a final formulation of the problem in the linear approximation, it is 
necessary to define the dependence P x (t). 



Condition of Stability 

The stability of a steady-state regime in the linear approximation is 
usually investigated by superposing small perturbations to the steady-state 
solution and subsequently analyzing their behavior in time. The depen- 
dence of the perturbations on time is expressed by the term exp(flT), where 
Cl is the dimensionless complex frequency. If these perturbations increase 
in time for, at the least, one value O (Refi > 0), the combustion process 
would be unstable. The stability boundary is determined by the condition 
Refi = 0. 

Therefore, let us represent the perturbations of all values in the form 
R x = Rle nT , <pi = cp?e ST , & sl = @^e n \ 0 X = @fe" T 

where the quantity before the exponent is the complex amplitude of the 
perturbation. 

At constant pressure (P 1 = 0), the linear nonsteady laws, Eqs. (28), 
yield two relations between the perturbation amplitudes of burning rate, 
gradient, and surface temperature: 

- «P!) + (* - W! = 0, (r - 1)©? + r{R\ - «pf) = 0 (32) 

A third relationship is obtained from the heat-conduction balance, Eq. 
(30), which, for the preceding perturbations, becomes 



df d£ " 0l " Rl 6 



The solution of this equation, satisfying the condition without perturbation 
at initial temperature, takes the form 



(&AIAA 

iLfVbVthiaBhriiBfBmimim^ Purchased from American Institute of Aeronautics and Astronautics 



STABILITY THEORY BY ZN METHOD 61 9 

R"pir 

©i = C e z « - -jf (33) 

A root of the characteristic equation z is connected with the frequency by 
the following correlations: 

2z = 1 + (1 + 4H) 1/2 , a = z{z - 1) (34) 

We should neglect the second solution of the homogeneous equation, which 
corresponds to another value of the root, because near the boundary of 
stability (Refi = 0), it increases infinitely at £ — > — oo. 

From the solution of Eq. (34), the amplitudes of the surface temperature 
and gradient can be determined: 

® a sl = c - Rpa, cpf = cz - Rysi 

By excluding the integration constant C from these relationships, we obtain 
the third relation between RI, ® a sl , and cpf: 

z& a sl - <pf + R\lz = 0 (35) 

The relationships of Eqs. (32) and (33) represent a system of homoge- 
neous algebraic equations. The condition for resolution (a determinant is 
zero) yields a characteristic equation for frequency with respect to the two 
parameters, k and r, which determine the propellant properties: 

rz 2 - (k + r - l)z + k = 0 (36) 

Ali real systems appear to have k > 0 and r > 0 (burning rate and surface 
temperature increase with initial temperature), and r cannot greatly exceed 
unity. Therefore, we are restricted to studying the regions k > 0 and 0 < 
r<l(Fig. 2). 

First, the location of the stability boundary must be determined. Since 
frequency is an imaginary value, z should be complex. From Eq. (36), we 
have 

z = (k + r - l)/2r ± i[klr - (k + r- l) 2 /4r 2 ] 112 (37) 

and z is complex only at (k 1 ' 2 - l) 2 < r < (k 1 ' 2 + l) 2 . A bounding curve 
of this region is denoted by curve 1 in Fig. 2. On the other hand, Rez > 
0; therefore, the stability boundary may lie only above r = 1 - k (curve 
2 in Fig. 2). 

From VL = z(z — 1) and Reli = 0, we determine the relation between 
k and r at the stability boundary: 

r* = (k — lf/(k + 1) (38) 

or 

k* = 1 + r/2 + (2r + r 2 1 A) 112 

It is evident that, when r is higher than the right-hand side of the first 
expression, the real part Cl is negative. In this region the combustion regime 
is stable, and vice versa. Therefore, the stability conditions for the steady- 
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Fig. 2 Boundary of steady-state combustion stability at constant pressure: 
1) r = _ !)2. 2) r = 1 - fc; 3) r = (ft - \yi(k + 1). 



state regime of propellant combustion are formulated in the following way: 
at k < 1, the regime is always stable 
at k > 1, the regime is stable only if (39) 
(k - l) 2 



r > 



k + 1 



A particular model of burning was considered in Zeldovich's papers 1,2 ; 
i. e., surface temperature was taken to be constant (r = 0). There may be 
no real systems that correspond to this condition. The condition of stability 
k > 1 obtained in those works follows from Eq. (39) as a particular case. 
Note that admitting variable surface temperature essentially expands the 
region of stable combustion. Even at small r, the value k at the stability 
boundary is substantially higher than unit (e. g., at r = 0.1, the limiting 
value is equal to 1.5). 

A comparison of the stability criterion (39) with experimental data is 
possible only if we have the function T s0 (T a ), since the criterion includes 
a derivative of this function. Such a comparison was made after the advent 
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of the thermocouple technique and when data on the effect of the initial 
temperature on surface temperature were obtained. 

In Ref. 9, the stability condition (39) was compared with experimental 
data for the ballistite H propellant. A t a pressure of 1 atm, stable burning 
is observed only at elevated initial temperatures. Even at T a = 50°C, the 
temperature profile fluctuates. At T a = 100°C, a value of 0.9 was obtained 
for r. The maximum value of the parameter k from Eq. (38) for this value 
of r is about 2.85. The experimental value of k = 2.7 is less than this value 
but is close to it. Thus, the stability of burning at p = 1 atm and T a = 
100°C is not in contradiction with the criterion (39). In these conditions, 
the propellant evidently burns near the stability boundary. At T a = 50°C, 
when unstable burning is already observed, the situation is similar: k = 
2.5 and r = 0.5. The value of r is near the critical value, (k ~ l) 2 l{k + 
1) = 0.64, but slightly below it. At a pressure of 1 atm, ballistite H crosses 
the stability boundary as the initial temperature decreases. 

For a pressure of 20 atm, at which burning is stable for all of the initial 
temperatures investigated, the criterion (39) holds good. Table 1 presents 
the experimental values of the parameters k and r (Ref. 9) and the critical 
value r*, calculated from Eq. (38), within the entire temperature range 
r > r*, which corresponds to stable burning. 

The stability condition of Eq. (39) has been obtained for a certain type 
of perturbation time dependence, exp(OT). As a rule, such an approach 
provides a correct result for the stability boundary but does not allow 
investigation of the asymptotic (t — » <») behavior of the perturbations far 
from the stability boundary. In fact, the previously mentioned perturbation 
time dependence is only a particular case; other perturbation changes in 
time are quite possible. 

For a more consistent approach to the problem of finding the regions 
of stability and instability, the definition of the perturbation asymptotic 
behavior (t — » oo) should be formulated in the following way. At t = 0, 
an arbitrary type of temperature perturbation @ a (£) is given. We must 
determine 0^,-r) and ^(t) and identify the regions on the plane (k, r) 
where these functions tend to zero asymptotically in time and the regions 
in which they are infinitely increasing. The boundary between the regions, 
i. e., the relation r(k), represents the boundary of stability. 

Such an approach was taken in Refs. 15 and 18 for some particular initial 
conditions. An attempt to consider the problem with arbitrary initial con- 
ditions was made in Ref. 8, but the analysis described in this monograph 
contains an error. 



Table 1 Experimental values of k, r, and the critical value of r* 



T a ,°C 


-150 


-100 


-50 


0 


50 


100 


140 


k 


0.2 


0.8 


1.3 


1.6 


2.0 


2.0 


2.3 


r 






0.07 


0.2 


0.4 


0.6 


0.6 


r* 


0.0 


0.0 


0.039 


0.14 


0.33 


0.33 


0.51 
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Natural Frequency and Damping Decrement of the Burning Rate 

By substituting the relation between k and r of Eq. (38) into Eq. (37), 
we find z at the stability boundary: 

z* (k ± ik l,2 )/(k - 1) 

Thus, for fl = z(z - 1), we obtain a value of frequency at the stability 
boundary. Denote co = Imfl; then, 

w* = (k + l)k m /(k - l) 2 

The real part of Cl is zero. 

Outside the stability boundary, the frequency has both imaginary and 
real parts. By substituting z = 1 + (1 -r 4fi) 1/2 /2 into Eq. (36), we get a 
quadratic equation, 

r 2 Cl 2 + r(k + 1) - (k - l) 2 fl + k = 0 (40) 

and O = - X ± i<o, where 

X = [r(k + 1) - (k - l) 2 ]/2r, a> = (k/r 2 - X 2 ) 1 ' 2 (41) 

By analogy with the oscillations of a system with one degree of freedom, 
we call k a damping decrement. In the region of stability, X. > 0; i. e., the 
oscillations are damped. And, conversely, X < 0 in the region of instability. 
The value w is called a natural frequency of oscillation. 

In the unstable region, X < 0 and, with removal from the stability bound- 
ary, the imaginary part of frequency decreases. At r = (k' /2 -l) 2 , curve 1 
in Fig. 2, it becomes zero. If r is less then this value, the perturbations 
increase exponentially in time without oscillations. The asymptotic change 
in time in different parts of plane (k,r) is shown in Fig. 2. 

Special consideration should be given to the case r = 0. From Eq. (36), 
at r = 0, we get 

z = k/(k - 1), X = klik - l) 2 (42) 

Since Rez should be higher than zero, these expressions are valid only at 
k > 1. Thus, the regime is unstable at k < 1, and the frequency at this 
region is real, increasing infinitely when it approaches the boundary from 
the side of the instability. 

The natural frequency of the burning-rate oscillations can lead to a 
resonant interaction between a harmonically changing pressure and a burn- 
ing propellant. This phenomenon plays an important role in the study of 
low-frequency instability in the combustion chamber and acoustic admit- 
tance of the burning propellant surface (see Refs. 7, 14, and 19). 

Flame Model and Zeldovich-Novozhilov Methods 

Two approaches have been formulated in the t c approximation. The 
flame model (FM) method was adopted in papers published by Western 
investigators. It develops detailed models that describe the processes oc- 
curring in quick-response zones. Soviet investigators have adopted the 
Zeldovich-Novozhilov (ZN) method, which is discussed in detail in this 
section. 
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Let us compare the two methods. As an example, consider the stability 
problem from the standpoint of the Denison and Baum (DB) model 15 on 
the one hand and the ZN method on the other. 

It is assumed in the DB model that mass burning rates in the condensed 
and gas phases are described by the Arrhenius law, 
m c = K c exp(- E C /RT S ), 

m g = K g p»Tl exp(-E g /2RT b ) 

First, we must define the parameters k and r used in the ZN approach. 
In the steady-state regime, m c0 = m g0 = m 0 . Therefore, 

K c exp(- E c /RT s0 ) = K g p" 0 Tlexp(-E g /2RT M ) 

If this equation is differentiated with respect to initial temperature T a , we 
obtain a parameter r: 

c c' bO L g 

where e = 7 + E g /2RT h0 is one of the parameters used in the DB model. 
From the expression for stationary mass rate, 

m Q = K gP m exp(-E g /2RT b0 ) 

we have k = e(7; 0 - T a )cJT b0 c g . 
Three other parameters are introduced in the DB model: 

a = c g r 60 / E c c (r j0 - T a ), A DB = E s (T s0 - T a )/RT 2 s0 
q DB = 1 + A DB (1 - a) 

It can be shown that 

a = l/k, A DB = kir, c? DB = (k + r - l)lr 

Denison and Baum provided the next conditions of unstable burning: 

9db > 1, <7db - <7db - 2 ^db > 0 

The first of these expressions means k > 1, and the second means r < (k 
- \fl{k + 1). 

There is an unbounded nonoscillatory increase in perturbations for 
^db > 4A DB . It is easy to see that this condition can be written as r < 
(k m - l) 2 . 

Thus, the results given by the DB model are identical to those obtained 
by the ZN method. 

IV. Influence of Gas-Phase Inertia on Burning Stability 

The applicability of the nonsteady burning theory in t c approximation 
results from inequalities: 

t c » t„ t c » t g , t p » t„ t p » t g (43) 
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However, it is necessary to remember that, even when fulfilling the 
conditions given by Eqs. (43) (as understood at present), we may have 
inherently contradictory results. This can be explained with an example of 
the stable burning problem at constant pressure. 

In the preceding section, it was shown that (for r = 0 and k > 1), small 
perturbations increase as 

R x = exp(Xtlt c ), X = kl{k - l) 2 (44) 

Taking into account the change of surface temperature (r > 0), we find 
that the loss of stability is oscillatory in character; small perturbations near 
the stability boundary [see Eq. (39)] change in time according to the law: 

R t = exp[(- X ± m)t/Q ^ 
X = [r(k + 1) - (k - Ifyir 2 , u> = {kir 2 - X 2 ) 1/2 

These results are obtained under the assumption that t s = t g = 0, but 
they cannot be considered correct at high decrements of damping or fre- 
quency. In fact, if X » 1 or w » 1, it follows from Eqs. (44) and (45) 
that the intrinsic times of system relaxation (characteristic time of ap- 
proaching or moving away from the steady-state regime t c l\ or r c /w) may 
be comparable to the relaxation times of the gas phase or the propellant 
reaction zone. In such a situation, it is incorrect to neglect the inertia of 
these zones. The inequalities (43) should be replaced by ones that are more 
rigid: 

t c l\ » t s , t J (M » t s , t c l\ » t g , t c l(J> » t g 

If pressure varies, the same inequalities should correspond to a character- 
istic time of changing pressure (in the given expression, t c should be re- 
placed by t p ). Perhaps the results of stability investigations made in the 
preceding section should be significantly changed for large damping dec- 
rements or frequencies. In this connection, we should understand an in- 
herent contradiction of the t c approximation (i. e., its inapplicability at 
X » 1 and w » 1). 

From Eqs. (44) and (45), it is obvious that the most dangerous regions 
are those in which at least one of these inequalities holds true: k — 1 « 
1, r « 1. The latter is fulfilled quite often for real systems, necessitating 
development of the theory to allow for small-inertia zone relaxation times. 

No published literature has provided an analytical solution to the prob- 
lem of stable burning at constant pressure, allowing for time relaxation of 
small-inertia zones. In Refs. 20 and 21, attempts were made to take into 
account the inertia of a propellant reaction layer. The influence of this 
effect on burning stability in a semiclosed volume was studied in Ref. 20, 
but there is no consistent investigation of stable burning at constant pres- 
sure. This problem was studied in Ref. 21 within the framework of all 
kinds of approximations and numerical calculations of multiparameteric 
problems. It is very difficult to derive any general relationships from this 
paper. Very few papers address gas-phase inertia by solving numerically 
a system of nonsteady differential equations; most focus on nonsteady 
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propellant burning driven by small-amplitude harmonically changing 
pressure. 22-24 

The conditions for a steady-state propellant burning stability at constant 
pressure (with allowance for the inertia of gas heating regions and sem- 
ispace with combustion products) can be found in Ref. 25. It was shown 
that the gas-phase inertia, at small r, essentially expands the region of 
stable burning and leads to a qualitatively new expression for the natural 
frequency of the system. The results of this work are discussed in the 
following subsection. 

Condition of Stability with Allowance for Gas Inertia 

The first real model of propellant burning was formulated and studied 
experimentally by Belyaev. 26 27 The chemical transformation takes place 
in the vapors of liquid heated up to a certain surface temperature and 
evaporated with thermal effect L by heat flow from the burning zone. 
Consider a simple scheme of the reaction A = B + Q, where A and B, 
respectively, represent the initial substance and combustion products, and 
Q is the thermal effect. Let us also assume that the molecular weights of 
the initial substance and reaction products do not differ significantly; there- 
fore, the molecular weight of the mixture is taken to be constant. 

By assuming that the chemical-reaction rate depends strongly on temper- 
ature, we take the zone of chemical transformation to be narrow compared 
to the zone of gas heating. Thus, in the gas-phase equations, we can omit 
the chemical sources, taking into account their role in the boundary conditions 
for the flame surface. In fact, the inertia of the chemical transformation 
process is neglected entirely. Further details are reported in Ref. 25; here, 
we consider only the highlights and final results of the investigation. 

The system of equations that describes the burning includes the following: 

1) the heat-conduction equation of the propellant; 

2) the heat-conduction equation of the gas; 

3) the initial substance balance equation; and 

4) the continuity equation. 

The condition of the equilibrium evaporation that relates the mass frac- 
tion of the initial substance to temperature is given at the interface. In the 
flame front, the reagent concentration f alis to zero. The conditions for 
thermal flow discontinuity and total consumption of initial substance are 
also fulfilled there. 

Two points must be considered in the possibility of an analytical solution 
to the stable burning problem (taking into account both condensed- and 
gas-phase inertia). First, the transition to mass coordinates makes it pos- 
sible to separate the hydrodynamic part of the problem (a definition of the 
gas velocity distribution over the space) from the diffusive and thermo- 
diffusive parts. The use of such coordinates was found to be convenient 
(see Ref. 28) in numerical investigations of a volatile substance combustion 
by a hot gas and a subsequent transition to the steady-state burning regime. 

Second, the equations of burning prove to be linear in the considered 
approximation if we assume (from a physically reasonable standpoint) that 
thermophysical propellant properties are constant and that Dp 2 is inde- 
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pendent of temperature. The stationary solutions of these equations make 
it possible to solve linear nonhomogeneous equations for the perturbations 
analytically . In order to decrease the number of parameters of the problem, 
we assume that the specific heat of the condensed and gas media are 
identical, and that the Lewis number equals 1. Note, however, that the 
problem may be considered without making these assumptions. 

The investigation of stability is preformed in the usual way. The steady- 
state regime is affected by small perturbations that are changing in time 
by the law exp(i>r). Solutions of the nonsteady linearized equations, to- 
gether with the boundary conditions, yield a system of homogeneous linear 
algebraic equations. The system solvability yields a characteristic equation 
for the frequency. Stability is lost when Cl crosses an imaginary axis. The 
condition Refl = 0 corresponds to the stability boundary. 

The final form of the characteristic equations is 

r® - kjla = ^ (46) 

where 

<t> = baCl(a-< - 1) + z[(l + j)a~i + j - l]/2 
V = 8aft(a"> - 1) - 2 2 [(1 + jfa-'IA + <rfL]/n 
where the following quantities are introduced: 

/ = (1 + 4aft) 1/2 , a = Dp2 K p 2 (47a) 
§ = {T* - T a )/(T s0 ~ T a + L/c) (47b) 

The parameter a is connected with the width of heating in the gas phase 
in a steady-state regime x f0 : 

f -t/o 

a = exp(-€ /0 ), 6/o = Wo(ctk)- 1 J q p g0 (y) dy (48) 

The value of a determines the relative inertia of the gas phase (o- = t g lt c ). 

From the characteristic equation (46), it can be seen that the possibility 
of a steady-state stable regime is determined by the values of five param- 
eters: k, r, a, a, and 8. 

Surface temperature and mass fraction of the reagent at the surface can 
be derived from a common solution of equations: 

c(T s0 - T a ) = Qa - L, Y s0 = exp[LW(l/T /0 - VT*)fR] (49) 

Note that a = 1 ± y s0 . 

The derivatives of the burning rate and surface temperature vs initial 
temperature take the form 

k = ^ ^ T *\-^t); r = \ crt% ) (50) 

Here m f0 is the mass velocity at the flame front. Its temperature depend- 
ence is considered to be known. 
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The stability will be studied on a plane (k,r) for the given values of the 
remaining three parameters. Since h frequency at the stability boundary 
is a purely imaginary value, the characteristic equation (46) is^equivalent 
to two real equations. Multiply Eq. (46), first by / and then 4> [a bar ( ) 
indicates complex conjugation]. Then, take the imaginary parts of the 
produced equations, and arrive at 

r = (Imi|i/>(Iin$7), k = a(Im^$)/(Im<D/) (51) 

which is the dependencies r(w) and fc(co), from which we can find the 
stability boundary r* (k). 

Figures 3 and 4 illustrate the calculation results of Eqs. (51) for the 
stability boundary and the frequency for a; = 0.4 and 8 = 0.15. The 
parameter o- takes the valuesO, 10 -3 , 10~ 2 , and 10 ~ 1 on the curves denoted 
by 1, 2, 3, and 4, respectively. From Fig. 3, it is seen that the stable region 
(solid curves stand for the stability boundary) widens as the role of gas- 
phase inertia increases. As it turns out, at r = 0 the parameter k is not 
equal to unity, in contrast to the theory in which the gas-phase inertia is 
neglected. The ratio of the stability boundary frequency to the frequency 
at o- = 0, i. e., to k V2 (k + l)/(k - l) 2 , is indicated by dotted lines in 
Fig. 3. 




Fig. 3 Stability boundary lik) and frequency at stability boundary w(Af). 
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Figure 4 gives the values of frequency at the stability boundary with 
respect to parameter r (solid curves) and the values of frequency normalized 
to the frequency at a = 0, i. e., to k U2 (r)/r, where k(r) = 1 + r/2 + (2r 
+ r 2 /^ 2 is the relation between the parameters k and r at the stability 
boundary in the t c approximation. From Figs. 3 and 4, it is clear that the 
frequency at the stability boundary is always finite (including at r = 0) 
and that, under reasonable values of r, it is quite different from that ex- 
pected from the theory in which the gas phase is without inertia. 

The characteristic equation (46) and the present equation (51) can be 
simplified, taking into account the fact that in the studied range of values 
ct, aVt « 1, 



r = 



k = 



2 2 - «q\h\q - 1) - gq(q - 1)] 

q(q - 1) 2 + aq[(h - l)(q + 1) + 2g] 

q + 1 2 - g(g - \)[q - g(q + 2)} 

q - 1 2 + a«rf(A - l)(q + 1) + 2g] 



(52a) 
(52b) 




0.0 0.1 0.2 r 

Fig. 4 Frequency at stability boundary io(r). 
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Here, for the sake of convenience, we introduce the symbols 

h = a - 2 Aa, g = 8(1 - a) (53) 
and, instead of frequency, this function is used: 

q 2 = [(1 + 16w 2 ) + l]/2 (54) 

so that 

2z = q + 1 + i(q 2 - l) 1 ' 2 , 2co = q(q 2 - \) 112 (55) 

Thus, Eqs. (52) are the parametric representations (q parameter) of the 
relation between the values r, k, and co at the stability boundary for the 
given values of the remaining parameters. 

Note, especially, that the second term of the numerator in the expression 
of r [Eq. (5 la)] cannot always be considered a correction to the first term. 
The expansion is made by a small value crw. This term is proportional to 
crw 3 ' 2 and can therefore be of the order of unity at large co. The appearance 
of such a term in the numerator is connected to the fact that z 2 /fi in the 
function i|i(fi), at q » 1, has the form 1 - ilq. By multiplying it by 1 + 
a iaq 2 (the expansion of functions <J> and ^ by a small parameter <jq 2 ) and 
calculating an imaginary part, we have the combination auq 2 - II q of the 
two terms of the same order. 

This facilitates turning r into zero at the final value of the frequency, in 
contrast to the theory that neglects the gas-phase inertia. The strong effect 
of a small parameter is due to the fact that, in the gas-phase equations of 
this theory, the time derivative is neglected only because it is multiplied 
by the small parameter a. Such a mathematical inaccuracy leads tou^» 
at r — » 0, which means that the theory is inconsistent at small r. 

It is easy to show that the results (39) and (41), which describe the 
stability boundary without the gas-phase inertia, follow from Eq. (52) at 
ct = 0. At co = 1 (q = 1), Eq. (52) contains only small corrections of the 
order of tjt c . 

Certainly, of most interest is the behavior of functions r(q),k(q), and 
u>(q) at large values of frequency. In this approximation, 

r = (2lq 2 ) - cxq(h - g), k - 1 = (2/q) - aq\h - g)/2 (56) 

The maximum values of the parameter q and frequency are reached at r = 0: 

q = [2/a(h - g)Y>\ [V'Mh - g)]~ 2 ' 3 

The parameter k differs from unity by a value 

k - 1 = [u(h - g)/2] m 

The preceding correlations are true for a sufficiently small a. The inequality 
follows from the condition q » 1, which means that 

[v(h - g)/2] V2 « 1 

Since the frequency became dimensionless through t c (the characteristic 
time of propellant), the dimensional frequency in this limit has the following 
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form: 

In other words, when t„ « t c holds true, the intrinsic characteristic time 
of the relaxation depends essentially on the gas-phase inertia and is pro- 
portional to the product t 2l3 t c 113 . 



t r Approximation 

The most direct way to develop a more consistent theory of propellant 
burning than the t c approximation is to solve completely the particular 
problem formulated in the form of nonsteady equations for the hydrody- 
namics of the reacting media with the corresponding boundary and initial 
conditions. This method is, at present, applicable only for the model sys- 
tems because of the lack of experimental data on the physicochemical 
processes occurring at the interface and on the kinetics of the gas-phase 
reactions (we should bear in mind the possibility of heterogeneous reactions 
in the smoke-gas zone). It is perhaps impossible to envision a complete 
and consistent physicochemical formulation of such problems of nonsteady 
burning in real systems at this time. Implementation of such a theoretical 
treatment of nonsteady burning will be long and difficult. 

Another way to approach the problem is to approximate the influence 
of quick-response zones on nonsteady burning. This implies introduction 
into the theory of a phenomenological parameter, lag time. 

The concept of lag time has been effectively used for more than 30 years 
in analysis of the operation of liquid-propellant engines. 29-30 Preparation 
of a propellant for burning (atomization, evaporation of drops, mixing of 
reagents) and the burning itself (drops and fuel-gas mixture) is character- 
ized by one parameter, lag time, which can be a function of the pressure 
or other factors governing the engine performance. Although such a phe- 
nomenological approach does not take into account the particular problems 
of the combustion mechanism, it helps us to describe satisfactorily the 
experimental results and to predict, within a certain degree of accuracy, 
the various features of an engine (for example, the stability conditions of 
its operation in the steady-state regime). 

Note that an attempt to use lag time in a solid-propellant nonsteady 
burning theory was made earlier (see, for example, the review in Ref. 31). 
However, the nonsteady burning problem was treated only roughly; i. e., 
the concept of lag time included both the inertia of propellant and the 
inertia of other burning zones. Such attempts were later abandoned with 
the appearance of the t c approximation. In Ref. 32, an attempt was made 
to introduce lag time into the problem of calculating acoustic admittance 
of the solid-propellant surface and was limited to consideration of a par- 
ticular model of the propellant. 

In this section, lag time is introduced in a theory that considers in detail 
the inertia of the propellant thermal layer, i. e., in the t c approximation. 33 
We shall call such an approach the t r approximation. The relaxation time 
of the heated layer t c is treated in terms of Refs. 1-4, and the relaxation 
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time of the quick-response zones is introduced by means of a phenome- 
nological parameter. 

The main idea of the t c approximation is to use steady-state burning 
characteristics to describe nonsteady processes; this idea is also used in the 
t r approximation. The lag time and its dependence on external parameters 
(pressure, initial temperature, rate of tangential gas flow, radiation inten- 
sity, etc.) should be approximately evaluated from features of the steady- 
state regime, i. e., the dependence of the burning rate, surface temperature, 
flame temperature, etc., on external conditions and on the structure of the 
burning zone and the gas-heating zone (assumed or known from the 
experiment). 

The t r approximation will be considered useful if the estimate coincides, 
by an order of magnitude, with the lag-time value that describes correctly 
the experimental data on some nonsteady process in which the role of 
quick-response zones is important. The accuracy of this approximation can 
be verified by comparing the solutions to the problem admitting an ana- 
lytical approach with results obtained in the t r approximation. Although it 
is impossible to determine a priori the exact lag time, the approximation 
will prove useful in establishing relations between characteristics of various 
nonsteady processes. 

In the t r approximation (as well as in the t c approximation), the inertia 
of the propellant (a region without chemical reactions) is described by the 
heat-conduction equation [Eq. (9)], with its corresponding boundary and 
initial conditions. 

In passing from the t c to t r approximation, a lag time is introduced into 
Eqs. (13) that gives a relationship between instantaneous values of the 
burning rate. It is assumed that the complex T e = T s — k f /u and the 
pressure p do not affect the burning rate and surface temperature imme- 
diately but that there is some delay. In other words, the instantaneous 
values m(t) and T s {t) are determined by T e and p, as taken earlier. So, 
instead of Eqs. (13), we obtain 



The lag times are determined by two indices. The first one corresponds to 
a function in which the lag time is introduced; the second corresponds to 
a parameter affecting the burning rate and surface temperature. It would 
be foolish to consider these two lag times as equal. 

As noted earlier, the burning rate, as well as the temperature and con- 
centration distributions outside the propellant, can, at any instant, be ad- 
justed to a certain stationary state in the t c approximation. From the implicit 
dependencies, Eqs. (13), of burning rate and surface temperature on pa- 
rameters /and p (which are external to the burning zone), we may formally 
turn to the explicit functions m{t,p) and t s (f,p)- This cannot be done through 
the t r approximation. The burning rate and surface temperature at a given 
moment are determined by the same values of magnitude but are taken 
at an earlier moment. And, despite the fact that U and V functions are 
the same in the t r approximation as in the t c approximation, distributions 



m(t) = U[T e (t 
T s (t) = V[T e (t 



We), Pi t - t Vp )} 
t Ve ), P {t - t Vp )} 



(57a) 
(57b) 
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of temperature and concentrations outside the condensed phase are not 
included in functions corresponding to the steady-state solutions. 

In order to determine whether a new approximation is suitable, we 
should compare the results of the solution of any nonsteady burning prob- 
lem obtained by three methods: analytically and by the two approximations 
considered earlier. Consider the stability of steady-state burning at constant 
burning. 

The conditions of the stable steady-state burning relative to small per- 
turbations at constant pressure in the t r approximation are determined by 
a conventional procedure. Using a dimensionless time, we linearize the 
steady-state problem by assuming that the perturbation of all values de- 
pends on time as exp(fh-). Solution of a linearized problem leads to a 
characteristic equation on a dimensionless frequency. A purely imaginary 
value of frequency corresponds to the stability boundary. 

From the heat-conduction equation and the boundary condition of the 
condensed phase, we obtain a relationship, identical to that presented in 
Ref. 35, among complex amplitudes of a small perturbation of burning 
rate, temperature gradient at the surface, and surface temperature. There 
is no difference between the old and new approximations of the condensed 
phase. 

From Eq. (54), we obtain two more equations, where the pressure is 
taken as constant and the second indices in lag times are omitted. Only 
two dimensionless values of lag time, t u and t v , remain. Having the explicit 
relations 



and using dimensionless variables, the nonsteady burning Iaws [Eqs. (57)] 
are presented in a linear approximation as 



By comparing these expressions with the corresponding expressions [Eqs. 
(32)] obtained in the t c approximation, we see that the delay is taken into 
account by multiplying k and r by exponents that contain the lag times. 

Three linear homogeneous equations for the perturbation [Eqs. (35) and 
(58)] yield a characteristic equation, 

rz(z - 1) exp(-ft Tc/ ) - k(z - 1) exp(-ft Tv ) + z = 0 (59) 

which becomes a characteristic equation [Eq. (36)] at zero lag time. 

By studying the stability of the steady-state burning at constant pressure 
in the t c approximation, we obtain the characteristic equation, which in- 
cludes two independent phenomenological parameters, t u and t v . Com- 
paring the results of the t r approximation with the analytical solution of 
the propellant burning problem in the Belyaev model under the most 
difficult conditions, we leave only one parameter by taking t u = t v and 
denoting the remaining lag time as T r . 



T e (T - ia) = T e0 + T el [expfl(T - Tu )] 
T el l(T s0 - T a ) = TJ(T s0 - T a ) - fjf 0 + mM 



'o 



Ri = k (®si ~ <Pi + R i) exp(-u!lT i7 ), 
®,i = K®,i-<Pi + R i) exp(-n Tv ) 



(58) 
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Let us rewrite Eq. (59) in the following form: 

rz{z - 1) - k(z - 1) + z exp(fk r ) = 0 (60) 

Now the parameters k and r can be expressed through a complex fre- 
quency at a given lag time as follows: 



k = 



r = 



z/(z - 1) 



l/(z - 1) 



Im(z - 1) exp(ni>)/Imz (61a) 



Imz(z - 1) exp(ftT r )/Imz (61b) 

At the stability boundary, when fl = iu>, we have 

k = (q + 1) cos cot, - [{q - l)l{q + 1)] 1/2 sin an r /(q - 1) (62a) 

r = 2[coswT r - (q 2 - 1) 1/2 sincoT r ]/^(^ - 1) (62b) 

In a parametric form, the relationships determine the dependence k(r) at 
the stability boundary at a given lag time. 

An analytical solution of the steady-state burning problem in the Belyaev 
model reveals that the results of the t c approximation at small r differ 
strongly from the analytical solution (Figs. 3 and 4). 

Now, compare the analytical solution and the t c and t r approximations. 
Let us estimate, first of all, the delays. The relaxation time of the heating 
zone is 



where u g0 (y) is the gas velocity at steady-state burning. In dimensionless 
variables, this expression is responsible for the lag time T g (^ /0 ) = cr£/o- 
Depending on the order of magnitude, the time of thermal relaxation of 
the combustion products region coincides with ~r r (£fo)- Therefore, 

T r = 2a£ /0 (63a) 

or 

T r = — 2<t Si a (63b) 

As an example, consider a system with the following parameters: ct = 
0.05, a = 0.4, and 8 = 0.15. As noted earlier, the t c approximation is less 
effective at small r. In fact, the analytical solution at r = 0 yields 
/c as = 1.56 and o> as = 3.16. In the t c approximation, k c = 1, and the 
frequency assumes an infinite value. 

In the t r approximation, at r = 0, we have, from Eqs. (62) 

j r = 2 arctan^ 2 - l)-^/q{q 2 - 1) 1/2 (M) 

kr = [(<? + \)i{q - i)F 2 

Value T r from (Eqs. 63) is 0.0916 for the previously mentioned parameters 
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cr and a. From the preceding relation, we have q = 2.88, k r = 1.44, and 
a/ = 3.89. These values practically coincide with those in the analytical 
solution. 

The comparison of the t c approximation with the analytical solution is 
made in terms of the propellant nonsteady burning theory, when the prop- 
erties of the steady-state regime are used to study the nonsteady effects. 
In addition to the dependencies m 0 (T a ,p) and T s0 (T a ,p), which yield k and 
r parameters, we have introduced the lag time characterizing the gas-phase 
structure. 

On the other hand, in an analytical solution, we can consider r r as a 
fitting parameter; this will help to describe the two functions, k as (r) and 
u> as (k). Let us determine the best approximation so that both functions at 
point r = 0, where the t c approximation is ineffective, can be described 
with equal accuracy: k r /k* s = t»7a> as . 

From this condition and Eq. (64), we have 

[(q + l)/(q - l)] 1/2 /A: as = q(q 2 - l) 1/2 /2(o as 

that is, 

2q = 1 + (1 + 8w as /yt as ) 1/2 

From the given values, we find q - 2.71 and, from Eq. (60), we have 
t = 0.111. The latter value differs from the estimation by only 20%. 

Table 2 gives a comparison of the analytical solution, the t c approxi- 
mation, and the t r approximation (cr = 0.05, a = 0.4, 8 = 0.15, and t = 
0.111). The stability boundary can be described in terms of the t c approx- 
imation, but the values of frequency differ from the real one by a large 
factor (even at reasonable values of r = 0.1-0.2). The t r approximation 
describes the function within an accuracy of several percent. 

The analytical solution, depending on thrce parameters, can be described 
by only one value of the delay because at r -* 0, a — > 0, the gas-phase 
inertia is charaeterized by one complex u{h — g) [see Eqs. (53)]: 

A = a[a - 2 &a + 5 (1 - a)] (65) 

Let us investigate, within the framework of the given model, the quality 
of the t r approximation, that is, its efficiency relative to the parameters a, 
8, and a. We adopt the method of choosing the best approximation, as 



Table 2 Comparison of analytical solution with t c and t r approximations 
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k' 
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0.0 


1.56 


1.00 


1.47 


3.61 


GO 


3.41 
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1.74 
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1.69 


2.98 
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6.60 


2.62 
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2.23 
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0.7 
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2.29 
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3.00 


3.09 


1.30 


1.73 


1.39 
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Table 3 Comparison of analytical solution with t r approximation 
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0.954 
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0.4 
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1.56 


3.61 


2.23 


1.47 


3.41 


0.958 


0.1 


0.4 


0.4 


1.79 


2.31 


2.25 


1.64 


2.19 


0.967 



proposed above. The results of comparing an analytical solution and the 
t r approximation for r = 0 are presented in Table 3. From the parameters 
given in the first three columns and the analytical solutions k a and co", we 
find the lag time and values k r and a/. The last column gives the ratio of 
7 r to A. Table 3 satisfactorily describes the t r approximation in terms of 
the steady-state burning regime up to u = 10 ~ l (the lag time is only 5 
times less than the propellant relaxation time). By assuming that the char- 
acteristic value a is of the order 10~ 3 -10" 4 , we can assert that the t r 
approximation can be used up to 100-atm pressure (a is directly propor- 
tional to pressure). 



V. Conclusion 

Let us review briefly the important problems associated with the pro- 
pellant nonsteady burning theory. 

Note, first of all, that most nonsteady burning investigations take into 
account the inertia of only the condensed phase (a few exceptions were 
noted earlier). Such an approach has been called the t c approximation. The 
proposed approximation is the first reliable step toward studying the prob- 
lem. In fact, in the t c approximation, we consider the main reason for the 
rising nonsteady phenomenon, i. e., the thermal inertia of the condensed 
phase when the relaxation time of other regions is taken to be zero. Noting 
the experience of investigators dealing with other fields of exact sciences, 
the properties of regions whose inertia had not been taken into account 
are included in the theory only in the steady-state approximation. Now, 
let us use an analogy that is understandable to specialists in combustion 
theory. Thermodynamic relations and values that result only from ther- 
modynamic equilibrium conditions can undoubtedly be used to study a 
variety of problems of reacting media dynamics. This is due to the fact 
that the characteristic times of rather slow macroscopic processes are many 
orders greater than the setting time of a local thermodynamic equilibrium. 
It is therefore quite correct to use, in a large number of problems, the 
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macroscopic equations of continuous media that include time derivatives 
of values determined under thermodynamic equilibrium conditions. 

Turning to the nonsteady burning problem, we can expect that the prop- 
erties of regions were zero relaxation times should be characterized by 
steady-state dependencies. In contrast to the proposed analogy, the diffi- 
culty is psychological rather than substantial. Application of thermody- 
namic relations in the nonisothermal dynamics of the continuous media 
appears to be quite normal because it employs the same variables as those 
in equilibrium thermodynamics (for example, internal energy is the func- 
tion of temperature and volume, and so on). The generalization entails 
only changing the thermodynamic values in time. In the nonsteady burning 
theory, the situation is more complicated. Common variables used in study- 
ing steady-state burning are pressure and initial temperature. The initial 
temperature in the t c approximation is by no means characteristic of the 
quasistationary state of a quick-response zone in the nonsteady process. 
From that value of temperature, we should pass to another value that 
directly affects the state of these zones. Such a transition was realized by 
Zeldovich 12 at constant surface temperatures. That value was demon- 
strated to be a temperature gradient at the surface on the condensed-phase 
side. 

Surface temperature being variable, the nontrivial moment of this pro- 
cedure is that this value belongs to the inertial condensed phase on the 
one hand and to the region considered to be without inertia on the other 
hand. However, this author 3 found that not only the burning temperature 
but also the surface temperature are determined by instant values of the 
pressure and temperature gradient at the surface on the condensed-phase 
side. 

Now, consider the methods of introducing steady-state burning data into 
the t c approximation. Two approaches have been available for a number 
of years. One, the flame model (FM) approach adopted by Western in- 
vestigators develops models that describe the processes occurring in quick- 
response zones. The investigators proposed a mechanism concerned with 
transformation of a condensed matter into gaseous intermediate products, 
transfer processes in the gas phase, kinetics of chemical transformation, 
and values of heat release in various burning zones. Such models include 
a number of parameters, most of which are unknown. The computed results 
of any nonsteady process are also expressed through these parameters (in 
some models, they total 20). Such an approach is called the FM approach. 

Soviet investigators have adopted another approach, often called the 
phenomenological theory or Zeldovich-Novozhilov (ZN) theory. This method 
has been discussed in detail in Sec. II of this chapter. The steady-state 
regime in the t c approximation is expressed through the dependencies of 
burning rate and surface temperature on pressure and initial temperature. 
A gradient is substituted for the initial temperature. If these dependencies 
are known with sufficient accuracy in a wide range of varying pressure and 
initial temperature, calculation of nonsteady processes by the ZN method 
leads to correct results for a particular system. The solution has no fitting 
parameters but only properties of the function describing the steady-state 
burning laws. 
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The FM and ZN methods have been compared in the literature a number 
of times (see Refs. 11 and 34). In the author's opinion, we should not pay 
undue attention to this side of the matter because the problems associated 
with the propellant nonsteady burning theory still cannot be solved within 
the framework of either of the two methods. In fact, both methods can be 
used only in the t c approximation and, in this respect, they are equivalent. 

We cannot deny the universal character of the phenomenological ap- 
proach. It is suitable for studying concrete problems of the nonsteady 
burning theory. The stability conditions for steady-state burning at constant 
pressure considered in detail in this chapter can be quite illustrative. The 
stability conditions are determined by only two parameters. This result is 
very common. Any particular problem considered by the FM method should 
lead to a relation between two parameters as obtained in the ZN method. 
The expressions for these parameters will include a few good characteristics 
of a particular system also considered in the FM method. In a monograph, 7 
several examples are given of cases in which the stability conditions ob- 
tained in various models of terms of the FM method are reduced to a 
universal form [see Eq. (39)]. For any flame model, concrete parameters 
of the stability are grouped into two complexes. The complexes simply 
represent the parameters used in the ZN method, which characterizes a 
dependence of burning rate and surface temperature on initial temperature 
in a steady-state regime. It is also easy to show that solution of other 
nonsteady burning problems for different models performed by the FM 
method can be represented in a universal form (independent of the type 
of flame model) that follows solution by means of the ZN method. In Ref. 
31, solutions to the propellant burning problem for harmonically varying 
pressure are reduced to one form independent of the particular charac- 
teristics of the model. Actually, Refs. 7 and 14 show that the propellant 
characteristics included in this problem take the form of four parameters 
[see Eq. (29)], as is physically clear in the ZN method. 

The second section of the chapter pointed to the deficiencies in the ZN 
method when we discussed a transition from steady-state to nonsteady 
burning. In the clearly nonsteady regimes (when the burning rate is strongly 
different from the steady state) , the effective initial temperature may turn 
out to be negative. In this case, transition from steady-state burning to 
nonsteady burning is impossible. In such situations, it may be necessary 
to introduce additional physicochemical data on the burning processes into 
the t c approximation. The claim often made in literature that the FM 
approach has no such shortcoming 1135 is difficult to accept. Ali of the 
models of the FM method, and their related parameters, are chosen mainly 
for their correspondence to the steady-state burning properties. Because 
of the lack of experimental data on the structure of the burning zone and 
the value of the surface temperature, this correspondence pertains, on the 
whole, to the steady-state burning rate. A proposed detailed description 
of burning that gives the correct dependencies of burning rate only on 
pressure and initial temperature cannot be considered correct in other 
aspects. The dependence of the surface temperature on the same param- 
eters is essential in a steady-state regime. The flame model should, at the 
least, describe these dependencies adequately. Even in the case of the 
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double-base propellants studied, 9 they are not accurate. In this sense, the 
advantages of the FM approach may be questionable. 

The same can be said of extrapolations of the flame model to those 
regions in which the regime is very different from steady state. The difficulty 
with a negative effective temperature is also inherent in the FM approach. 
If the flame model adequately describes only the observable steady-state 
dependence of the burning rate, we can by no means claim that it is true 
for the nonsteady regimes, which cannot, at a given moment, be related 
to a steady-state regime. Believing that the model is true in this situation 
means believing that the extrapolation (into the region where no experi- 
mental data on the steady-state regime can be obtained) is correct. Under 
these circumstances, any detailed picture of burning not confirmed exper- 
imentally cannot give additional information about the complex physico- 
chemical processes occurring at burning. It is suitable to remember that 
ex nihilo nihil. In any case, the extrapolation is possible in the ZN method 
as well (see examples in Refs. 12 and 13). 

What, in our opinion, are the ways to develop the theory further? There 
is no doubt that they include obtaining new experimental data. Interest in 
the principal problems is sufficient to warrant further theoretical treatment, 
too. One problem is that of propellant ignition and extinction, which in- 
volves the transition from steady-state burning to a state with no chemical 
reactions at all (or reactions that are so slow they can be neglected). It is 
clear that this problem can be considered outside the framework of the t c 
approximation. As noted in Ref. 7, with this approximation, we can also 
introduce a condition that distinguishes different states of the system. Ref- 
erence 7 proposed such a condition, a minimal surface temperature below 
which no burning is possible. The authors of the FM approach actually 
take the same course. For example, in Ref. 36, a pyrolysis law that defines 
gasification of propellant is equal to zero if the surface temperature is less 
than some critical value. Such artificial methods used in the burning model 
are, in our opinion, quite groundless. The approximation used in the prob- 
lem considered in Ref. 36 probably will not lead to mistakes; nevertheless, 
the physically strict burning model must not contain such arbitrary as- 
sumptions. A physically consistent model of burning should take into ac- 
count the two distinct states of the system. Such a model would be drastically 
different from the model currently used in the FM model. The main task 
of the theory, in the author's opinion, is the formulation of higher-level 
burning models. These should necessarily include a clear physicochemical 
analysis of the condensed-phase transition into gas. 

Some success has already been achieved in this direction. The first ex- 
ample is the Belyaev model, where the phase transition is connected with 
evaporation. Other more complex models have been presented in the lit- 
erature. In Ref. 37, the gas-phase formation is connected to the limited 
solubility of decomposition products in the condensed phase. The model 
was further developed in Ref. 38, where it is suggested that a foam is 
produced at the point at which chemical transformation comes to an end. 
The damage to propellant by a flow of gaseous decomposition products 
was investigated in Ref. 39. Finally, the joint processes of evaporation and 
chemical transformation in a propellant surface layer are considered in 
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Ref. 40. A completely nonsteady process can be studied m terms of the 
previously mentioned models without involving arbitrary conditions of a 
condensed-phase transition into gas. 

Ali of the models considered are rather complex. They can be thoroughly 
investigated, perhaps only by numerical methods. The reason for that is 
rather simple. We are dealing with complex burning processes that involve 
chemicai kinetics, hydrodynamics, phase transitions, and transfer proc- 
esses. We should note, in conclusion, that the problem of applying these 
models to real propellants can be solved only experimentally. Further 
progress in the area of burning theory will be closely connected to advances 
in the experimental investigations of both steady-state and nonsteady burn- 
ing regimes. 



References 

'Zeldovich, Ya. B., "On the Theory of Propellant Combustion," Zhurnal Ek- 
sperimental' noi i Theoreticheskoi Fiziki, Vol. 12, No. 11-12, 1942, p. 498. 

2 Zeldovich, Ya. B., "On the Propellant Burning Rate at Varying Pressure," 
Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 3, 1964, p. 126. 

3 Novozhilov, B. V., "Condition of Stability of Steady-State Propellant Burning," 
Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 4, 1965, p. 157. 

4 Novozhilov, B. V., "Nonsteady Propellant Burning of Propellants Having a 
Variable Surface Temperature," Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi 
Fiziki, No. 1, 1967, p. 54. 

5 Novozhilov, B. V., "Theory of Nonsteady Burning of Homogeneous Propel- 
lants," Fizika Goreniya i Vzryva, Vol. 4, No. 4, 1968, p. 482. 

6 Novozhilov, B. V., "Equation for Nonsteady Propellant Burning Rate," Zhur- 
nal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 4, 1970, p. 73. 

7 Novozhilov, B. V., Nonsteady Burning Solid Rocket Propellants, Nauka, Mos- 
cow, 1973, p. 176. 

8 Zeldovich, Y. B., Leipunskii, O. L, and Librovich, V. B., Theory of Nonsteady 
Propellant Burning, Nauka, Moscow, 1975, p. 131. 

9 Zenin, A. A., "The Processes Occurring in Burning Zones of Ballistite Pro- 
pellant," Physical Processes and Burning and Explosion, Atomizdat, Moscow, 
1980, p. 68. 

10 Gostintsev, Y. A., Pokhil, P. F., and Cukhanov, L. A., "Complete System of 
Equations for Nonsteady Processes at Propellant Burning in Semi-Closed Volume," 
Doklady Akademii Nauk SSSR, Vol. 195, No. 1, 1970, p. 137. 

u Kuo, K. K., Gore, J. P., and Summerfield, M., "Transient Burning of Solid 
Propellants," Fundamentals of Solid-Propellant Combustion, edited by K. K. Kuo 
and M. Summerfield, Vol. 90, Progress in Astronautics and Aeronautics, AIAA, 
New York, 1984, p. 599. 

12 Lidskii, B. V., Novozhilov, B. V., and Popov, A. G., "Theoretical Investigation 
of Nonsteady Solid Propellant Combustion at Decreasing Pressure," Fizika Gor- 
eniya i Vzryva, Vol. 19, No. 4, 1983, p. 20. 

"Lidskii, B. V., Novozhilov, B. V., and Popov, A. G., "Nonsteady Solid Pro- 
pellant Combustion near Decay Boundary at Decreasing Pressure," Chemical Phys- 
ics, Vol. 4, No. 5, 1985, p. 721. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



640 B. V. NOVOZHILOV 

14 Novozhilov, B. V., "Propellant, Combustion at Harmonically Changing Pres- 
sure," Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 6, 1965, p. 141. 

15 Denison, M. R., and Baum, E., "A Simplified Model of Unstable Burning in 
Solid Propellants," ARS Journal, Vol. 31, 1961, p. 1112. 

16 Istratov, A. G., and Librovich, B. V., "On the Stability of Propellant Com- 
bustion," Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 5, 1964, p. 38. 

17 Zenin, A. A., and Novozhilov, B. V., "Unambiguous Dependence of Ballistite 
Propellant Surface Temperature on Burning Rate," Fizika Goreniya i Vzryva, Vol. 
9, No. 2, 1973, p. 246. 

18 Novikov, S. S., and Ryazantsev, Y. S., "About Propellant Combustion Stability 
Theory," Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 3, 1966, p. 137. 

19 Novozhilov, B. V., "Stability of Steady-State Combustion of Propellant in 
Semi-Closed Volume," Fizika Goreniya i Vzryva, Vol. 3, No. 1, 1967, p. 32. 

20 Vilyunov, V. N., and Rudnev, A. P., "Influence of the Propellant Condensed 
Phase on Stability of Steady-State Burning," Zhurnal Prikladnoi Mekhaniki i 
Tekhnicheskoi Fiziki, No. 5, 1973, p. 102. 

2I Romanov, O. Ya., "About Nonsteady Propellant Burning Rate," Fizika Gor- 
eniya i Vzryva, Vol. 11, No. 2, 1975, p. 188. 

22 Hart, W. R., and McClure, F. T., "Combustion Instability: Acoustic Inter- 
action with a Burning Propellant Surface," Chemical Physics, Vol. 30, 1959, p. 1501. 

23 T'ien, J. S., "Oscillatory Burning of Solid Propellants Including Gas Phase 
Time Lag," Combustion Science and Technology , Vol. 5, 1972, p. 47. 

24 Allison, C. B., and Faeth, G. M., "Open-loop Response of Burning Liquid 
Monopropellant," AIAA Journal, Vol. 13, No. 10, 1975, p. 1287. 

25 Novozhilov, B. V., "Influence of Gas-Phase Inertia on Stability of Propellant 
Burning," Chemical Physics, Vol. 7, No. 3, 1988, p. 388. 

26 Belyaev, A. F. , "On the Burning of Explosive Substances," Zhurnal Fizicheskoi 
Khimii, Vol. 12, No. I, 1938, p. 93. 

27 Belyaev, A. F., "On the Burning of Nitroglycol," Zhurnal Fizicheskoi Khimii, 
Vol. 14, No. 8, 1940, p. 1009. 

28 Shkadinskii, K. G., "Investigation of Nonsteady Transition to Steady-State 
Regime of Burning and Ignition," Candidate Thesis, Chernogolovka, 1971, p. 156. 

29 Crocco, L., and Cheng, S. L, "Theory of Combustion Instability in Liquid 
Propellant Rocket Motors," Butterworths, London, 1956. 

30 Natanson, M. S., Instability of Burning, Mashinostroeniye, Moscow, 1986, 
p. 248. 

31 Culick, F. E. C, "A Review of Calculations for Unsteady Burning of Solid 
Propellant," AIAA Journal, Vol. 6, No. 12, 1968, p. 2241. 

32 Volkov, V. P., and Medvedev, Y. L, "On the Interaction of Acoustic Waves 
with Burning Surface of Solid Propellant at High Frequency," Zhurnal Priklednoi 
Mekhaniki i Tekhnicheskoi Fiziki, No. 1, 1969, p. 96. 

"Novozhilov, B. V., "Theory of Nonsteady Propellant Burning with Allowance 
for Lag Time," Chemical Physics, Vol. 7, No. 5, 1988, p. 674. 

34 Summerfield, M., Caveny, L. H., Battista, R. A., Kubota, N., Gostintsev, Y. 
A., and Isoda, H., "Theory of Dynamic Extinguishment of Solid Propellants with 
Special Reference to Nonsteady Heat Feedback," Journal of Spacecraft and Rock- 
ets, Vol. 8, No. 3, 1971, p. 251. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



STABILITY THEORY BY ZN METHOD 641 

35 De Luca, L. , "Nonlinear Burning Stability Theory of Heterogenous Thin Flames," 
Eighteenth Symposium (International) on Combustion, The Combustion Inst., Pitts- 
burgh, PA, 1981, p. 1439. 

36 De Luca, L., "Extinction Theories and Experiments," Fundamentals of Solid- 
Propellant Combustion, edited by K. K. Kuo and M. Summerfield, Vol. 90, Prog- 
ress in Astronautics and Aeronautics, AIAA, New York, 1984, p. 661. 

37 Margolin, A. D., and Pokhil, P. F., "Influence of Pressure on the Burning 
Propellant Rate," Doklady Akademii Nauk SSSR, Vol. 150, No. 6, 1963, p. 1304. 

38 Maksimov, E. L, and Merzhanov, A. G., "About One Model of Propellant 
Burning," Doklady Akademii Nauk SSSR, Vol. 157, No. 2, 1964, p. 412. 

39 Khaikin, B. L, and Merzhanov, A. G., "On the Burning of Substances with 
Solid Reaction Layer," Doklady Akademii Nauk SSSR, Vol. 173, No. 6, 1967 
p. 1382. 

40 Strunin, V. A., and Manelis, G. B., "On the Stability of Steady-State Burning 
of Propellant Limited by a Reaction in £-Phase," Fizika Goreniya i Vzryva, Vol. 
7, No. 4, 1971, p. 498. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



This page intentionally left blank 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



Chapter 16 



Numerical Computations of Solid-Propellant 
Nonsteady Burning in Open or Confined Volumes 

L. Galfetti* 
Politecnico di Milano, Milan, Italy 

G. Rivat 
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and 
C. Brunot 

Universite di Roma, La Sepienza, Rome, Italy 
Nomenclature 



a = nondimensional positive constant used in C c vs 6 law (C c = 1 + 

a6; Sec. III. A) 
a K — volumetric optical absorption coefficient, cm" 1 
A c = nondimensional pre-exponential coefficient in condensed-phase 

kinetics 

b = nondimensional positive constant used in K c vs 0 law (K c = 1 + 

b%\ Sec. III. A) 
c = specific heat, cal/g K 

C = nondimensional specific heat, c/c ref ; also nondimensional coeffi- 

cients in finite-difference equations 
d = layer thickness, cm 
d rei = reference distance, a c /r b re( , cm 

D = nondimensional coefficient in finite-difference equations 
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E = activation energy, cal/mole 

F 0 = nondimensional external radiant flux intensity impinging on the 

burning surface, IJ^> tei 

H = nondimensional heat release per unit mass, Q/Q ref 

h lcb = cold boundary heat-exchange coefficient, cal/cm 2 s K 

I 0 = radiant flux intensity impinging on the burning surface, 

cal/cm 2 s 

k = thermal conductivity, cal/cm s K 

K = nondimensional thermal conductivity, k/k re( 

n = pressure exponent in burning-rate law; also called 

"ballistic exponent" 

n s = pressure exponent in pyrolysis law 

p Tei = reference pressure, 68 atm 

p = pressure, atm 

q = nondimensional energy flux, <p/«p ref 

Q = energy release per unit mass, cal/g 

<2ref = reference energy per unit mass, c TCf (T stet - T Tet ), cal/g 

r b = burning rate, cm/s 

£fc,ref = reference burning rate, r b (p ret ), cm/s 

r x = average optical reflectivity of the burning surface 

R = nondimensional burning rate, r b lr b ief 

2ft = universal gas constant, 1.987 cal/mole K 

S b = burning area, cm 2 

S, = throat area, cm 2 

f = time, s 

t rei = reference time, a. c /r b>ref , s 

T = temperature, K 

T ret = reference temperature, 300 K 

w_ = power in pyrolysis law 

W = average molecular mass of the gas mixture, g/mole 

x' = linear space variable, cm 

X' = x'/d ieS , nondimensional linear space variable 

X = exp(@Jf ) - 1, nondimensional transformed space variable; also 
nondimensional linear space variable in the moving boundary case 

a = thermal diffusivity, cm 2 /s 

P = nondimensional coefficient in the space transformation 

7 = specific heat ratio 

T = Vandenkerckhove function [Eq. (28)] 

8 = nondimensional layer thickness, d/d ie[ 
e = nondimensional reaction rate 

e x = average optical emissivity of the burning surface 

l = mesh computation coefficient [Eq. (8)] 

G = nondimensional temperature, (T — T ief )/(T s iei ~ T ref ) 

v = frequency, Hz 

p = density, g/cm 3 

o- = Stephan-Boltzmann constant, 1.37 x 10" 12 cal/cm 2 s K 4 

t = nondimensional time, t/t ief 

t ' = nondimensional average characteristic time parameter 
(see Sec. V.B.) 
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Y( ) = T( )IT( ) ref , nondimensional temperature 

= nondimensional matching temperature in pyrolysis law 
Y min = nondimensional minimum temperature below which r b = 0 
cp = energy flux, cal/cm 2 s 

cp re( = reference energy flux, p c c re( r fe ret (T s ref - r ref ), cal/cm 2 s 
co = circular frequency, 2-itv, rad/s 



Subscripts and Superscripts 



a 




ambient 


b 


— 


burning rate 


c 


— 


condensed phase 


CC 


— 


combustion chamber 


cb 


— 


cold boundary 


c,s 


— 


to condensed phase from burning surface 


di 




dittusion 


exp 


= 


experimental 


f 
/ 




flame; also final 


g 


= 


gas phase 






from gas phase to burning surface 


i 




initial 


i 


= 


cell index in fimte-difterence mesh 


i, 

k 




iterations counter 


l 




lost from cold boundary 


min 




minimum 


n 




time index in finite-difference mesh 


out 




lost from burning surface 


rad 




radiative 


ref 




reference 


s 




burning surface 


t 




transparency 


w 




weighted average 


K 




spectral 






average 






steady state 


— CC 




far upstream (cold boundary) 


1 




first step (high temperature) 


2 




second step (low temperature) 



I. Role of NumericaI Modeling 

A. Objectives of NumericaI Computations 

THE thrust of a solid rocket motor ranges from few grams to several 
tons. It is fascinating to think that this macroscopic effect, obtained 
through gasdynamic expansion in a supersonic nozzle, originates on a mi- 
croscopic scale of the order of microns near the surface of the burning 
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propellant. Modeling of the combustion process in such a small layer asks 
for a detailed description of the involved phenomena. Time-dependent 
phenomena experimentally observed may be very complex. Examples are 
dynamic extinction following sufficiently rapid changes of pressure and/or 
other kinds of energy supply, radiative ignition, and self-sustained burning- 
rate oscillations near the pressure deflagration limit (PDL). 

Analytical solutions derived from linearized mathematical models are 
adequate to describe situations close to steady-state burning, but fail to 
correctly reproduce dynamic behavior under general operating conditions. 
Fully nonlinear models of solid-propellant burning must be retained if one 
wishes to accurately predict transient burning, and in particular "critical" 
situations (in the bifurcation theory sense) such as ignition or extinction. 
Keeping the model nonlinear, whether in its description of the condensed 
phase (i. e., accounting for temperature-dependent thermal properties and 
chemical reactions), in its description of the surface (with Arrhenius py- 
rolysis or full interface kinetics) , or in its representation of the gas phase 
(with a simplified overall model or using detailed kinetics), implies exten- 
sive use of numerical techniques. 

There are two main objectives of numerical computations: 

1) To supply the solid-propellant combustion investigator with a tool 
that can reproduce as closely as possible the experimental trends. Once 
this is achieved, i. e., when the model has become sufficiently trustworthy, 
the objective is to supply the investigator with predictions obtained by 
exploring broader ranges of variables than those used to build the model. 
In this fashion, computations work like "numerical experiments," without 
their inherent expenditure of time and money. 

2) To supply the solid-propellant combustion practitioner with criteria 
for designing more efficient, safer, or more economical propulsion systems. 
Numerical computations do find solutions that are otherwise impossible to 
obtain; using numerical computation extensively, clear trends may appear 
and overall correlations may be derived to support the design. 

B. Literature Survey 

A good, general contribution to solid-propellant transient burning is 
given by Ref. 1. While reporting the state of the art on transient burning 
studies, it offers a detailed picture of the existing theories together with a 
critical examination of their validity. 

Linear temperature dependence of specific heat and thermal conductivity 
in the condensed phase based on experimental data was accounted for in 
Ref. 2, although measurements of thermal properties were available for a 
very narrow temperature range, which makes the extrapolation required 
to solve the whole condensed-phase temperature profile questionable. Con- 
stant thermal properties were used in Ref. 3, in which an attempt was 
made to reproduce transient regression rates of composite propellants 
measured in experiments at ONERA. Despite attempts with different flame 
models and the Zeldovich-Novozhilov approach (see Chapter 15 by No- 
vozhilov in this volume), the numerical results were not in agreement with 
experimental data, mainly due to the presence of parameters whose value 



(&AIAA 

HjrtbrH'iFowfivJtT^iiiBWwA^ Purchased from American Institute of Aeronautics and Astronautics 

NUMERICAL COMPUTATIONS OF NONSTEADY BURNING 647 

could not be determined with reasonable accuracy. Actually, recent papers 
by Blomshield and Osborn 4 and Stark and Taylor 5 demonstrated that, for 
ammonium perchlorate (AP) -based composite solid propellants, the ther- 
mal properties are far from being constant; the specific heat was found to 
increase linearly with temperature, 4 whereas thermal conductivity abruptly 
decreases as temperature increases 5 beyond the AP (NH 4 C10 4 ) crystalline 
transition. For double-base propellants, both specific heat and thermal 
conductivity increase with temperature. A detailed survey of solid- 
propellant thermal properties is offered in Chapter 5 of this book. 

Radiation-driven combustion has been used extensively to study different 
aspects of solid-propellant combustion dynamics. 6,7 Such experimental con- 
figuration requires a term accounting for radiation penetration in the con- 
densed-phase energy equation. A rigorous formulation of such term should 
include the complete optical characteristics of the condensed phase and of 
the external radiation source. 8 For the ideal case of monochromatic ra- 
diation and negligible scattering, the term reduces to an exponential form 
(Beer's law). 

For several classes of solid propellants, there is evidence that chemical 
reactions take place in a more or less thin layer, just underneath the burning 
surface. 9 ~ 12 A possible way for taking into account distributed condensed- 
phase reactions was introduced in Ref. 13. The presence of this term in 
the condensed-phase energy equation bars any analytical solution, even 
for steady-state conditions and constant thermal properties; moreover, 
numerical solution of the steady problem requires an iterative procedure 
since the pre-exponential coefficient in the condensed-phase reaction rate 
is unknown and must be determined by a normalization condition that 
depends on the solution. Recently, this approach was extended to consider 
a two-step kinetic scheme in the condensed phase. 14 

One-dimensional models for simulating solid-propellant combustion are 
based on the condensed-phase energy conservation equation. Since the 
reference frame is usually considered fixed to the burning surface, the 
equation must contain the convective term, which accounts for the relative 
motion between solid propellant and frame of reference. In Ref. 15, 
four numerical techniques were compared (explicit, full implicit, Crank- 
Nicholson implicit, and invariant imbedding implicit). Ali of the implicit 
methods were found to be competitive, with the invariant imbedding giving 
slightly better results, but the explicit method was not convenient because 
of the extremely small time step required. In the same paper, pressurization 
transients were numerically simulated by assuming constant thermal prop- 
erties. 

In Ref. 15, the need is stressed to adopt a nonuniform mesh for the 
solution of condensed-phase temperature profiles, with cell sizes increasing 
as they move farther away from the burning surface, where the most severe 
gradients are present. Instead of using a nonuniform mesh size, an alter- 
native approach followed by several researchers (for example, Refs. 16 
and 17) resorts to scale transformations by which the usual semi-infinite 
domain — ^ < X' < 0 is reduced to a finite interval where the mesh can 
be assumed to be uniform. If properly introduced, these transformations 
are not conceptually different from assuming a nonuniform cell size on a 
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physical scale. In particular, attention should be payed in using exponential 
scale transformations for depressurization transients. Merkle et al. 18 note 
that the error introduced at the "cold boundary" of the transformed in- 
tegration domain grows as the burning rate decreases, since locally the 
space derivative of the temperature may become unbounded. If, for in- 
stance, the condensed-phase energy equation is nondimensionalized with 
respect to the initial conditions and the transformation X = exp(Jf ) - 1 
is adopted, steady-state solutions at any pressure level lower than the initial 
value have unbounded derivative at X = — 1. This condition may introduce 
unacceptable errors in the final configuration after the combustion tran- 
sient, and probably in the transient computation as well. Sills, 19 among 
others, suggested an exponential transformation X = exp((3X') - l,where 
an appropriate choice of the parameter (5 allows a wider range of appli- 
cability. The exponential form proposed by Sills is routinely and success- 
fully applied by this research group (e. g., Refs. 20 and 21) for numerical 
simulations of both steady and unsteady combustion. 

C. Background of this Contribution 

A graphic summary of the physical configurations given in this chapter 
is presented in Fig. 1. The first sketch (Fig. la) shows a semi-infinite 
propellant sample; this is the traditional configuration assumed in one- 
dimensional solid-propellant combustion modeling. The second sketch 
(Fig. lb) concerns a moving boundary problem; it is useful, for example, 
to study extinction by energy losses at the cold boundary. To perform 
pressure coupling analyses, a confined geometry configuration will be im- 
plemented (Fig. lc). 

To approach solid-propellant combustion modeling in these geometries, 
the strategy of the authors is to link numerical modeling, analytical pre- 
dictions, and experimental measurements. By following these three sep- 
arated, but closely linked avenues, the best foundation to the mathematical 
formulation of the problem is guaranteed. 

The propellant is "identified," other than by a proper set of thermo- 
physical properties and flame structure, by the steady pressure dependence 
of burning rate (ballistic law), surface temperature, surface heat release, 
and flame temperature (known from experiments or Standard thermo- 
chemistry calculations): 

h ■ r b (p) 
T s - T s (]>) 

& - Qs(l>) 

T f = 7}(p) 

To clarify this strategy, two specific examples will be given in Sees. III. B 
and IV. A; these examples will stress the importance of the detailed treat- 
ment of propellants thermophysical properties and the use of the flame 
model approach. 
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Fig. 1 Sketch for a) fixed boundary problem; b) moving boundary problem; c) 
confined-geometry problem. Typical trends of the temperature profile in DB and 
AP composite propellants are shown in Figs. la and lb, respectively. 



A brief note about the propellants considered in this study should now 
be given. The most significant propellant properties are collected in Tables 
1 and 2. The AP-based composite propellant of Table 1 was extensively 
investigated in this laboratory from an experimental point of view. Almost 
all of the studies connected with AP composite propellants were performed 
using these properties. Table 2 concerns a catalyzed double base (DB); 
the reported thermophysical properties were experimentally evaluated in 
this laboratory. The values in Table 2 were used for the numerical validation 
of nonlinear burning stability plots (Sec. IV) of DB propellants. All ther- 
mophysical properties of interest are fully discussed in Chapter 5. 
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D. Plan of Presentation 

The development of this chapter reflects the plan followed by the authors 
to approach solid-propellant transient combustion modeling. 

Section II presents the mathematical model and discusses numerical 
solution procedures. Section III contains the steady temperature profile 
computation, the starting point for nonlinear combustion stability analyses, 
and transient computations. Comparison of numerical steady-state tem- 
perature profiles with available analytical solutions and between numerical 
solutions and experimental measurements establishes a primary check to 
validate the numerical model. 

Section IV deals with the numerical validation of burning stability the- 
ories. Numerical computations are compared with nonlinear analytical pre- 
dictions; from the point of view of the numerical modeler, the successful 
comparison sets up a further check to validate the numerical approach. 

Section V will handle the comparison between numerical computations 
and experimental results. If the experimental measurements will be repro- 
duced with good accuracy, they will give a third, consistent check of the 
physical foundation of the whole numerical model. 

When steady states, nonlinear burning analytical predictions, and ex- 
perimental measurements are successfully tested, it is reasonable to think 
of the numerical approach as of a "numerical laboratory" where numerical 
experiments can be performed, and conditions that are a barrier to the 
experimental research can be explored. Examples of such numerical ex- 
periments will be discussed in Sec. VI. 

Conclusions and suggestions for future work will be given in Sec. VII. 



II. Formulation and Solution of the Problem 



A. Mathematical Model 

For most of the combustion transients whose numerical simulations are 
of interest, the length of the propellant specimen is much larger than the 
characteristic thermal wave thickness in the condensed phase, and this may 
hold true for the whole transient under investigation. Typical experiments 
involving such transients are depressurization tests, ignition transients, and 
self-sustained or externally excited oscillatory combustion regimes. Ac- 
tually, in all of these cases, particular care is needed to make the influence 
of the energy losses through the propellant support negligible. The math- 
ematical formulation of the problem is thus based on a frame of reference 
fixed to the burning surface, and the propellant sample can be considered 
semi-infinite (Fig. la). This is the most common type of approach, and the 
energy conservation equation for the condensed phase must include a term 
accounting for the convective energy transport due to the relative motion 
between propellant and reference frame. 

The mathematical formulation of the problem schematically described 
in Fig. la (fixed boundary problem) can be found, for example, in Chapter 
14 of this volume. The nature of thermal profiles inside the condensed 
phase is roughly exponential, with steep gradients near the burning surface 
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that require small mesh size. On the other hand, the thermal wave thickness 
is relatively large, with small gradients far away from the surface. Such 
physical configuration suggests the adoption of nonuniform mesh size (Refs. 
2, 3, 16, and 17, for instance) or, alternatively, the use of appropriate scale 
transformations. Here a scale transformation proposed by Sills 19 will be 
implemented that maps the semi-infinite domain, -oo < X < 0, into the 
finite region, - 1 < X < 0: 



X = exp((3A") - 1 



(1) 



where the parameter (3 must be appropriately chosen to keep the temper- 
ature derivative bounded at X = - 1 . In the space coordinate defined by 
Eq. (1), the nondimensional condensed-phase energy equation is 



cm 
(i - i j 



P 2 (* + 1) 



dX 



KM(X + 1) 



+ 



F 0 (X + l)" <Bbfl ' + H r e, 



dX 



(2) 



where 



8(Af, t = 0) = assigned function 

q(x = -i, T ) = e 0 



= q„ s + RH S 



and where the reaction rate is 13 

e c = A C (P) exp 



m,T{x, t) 



(3) 



The burning rate can be described by the following combined pyrolysis 
law: 



R = r s exp 



R = F s 



Y - Y 



Y 



1 - \ 

R = 0, 

The burning surface heat release is expressed as 



Y, a= Y* 



mm 

y < y 



h s (p, e,) = h,(P) + P c c (e) de - c g [Q s - q s (p)] 



(4) 



(&AIAA 

iLfVbVthiaBhriiBfBmimim^ Purchased from American Institute of Aeronautics and Astronautics 



654 



L GALFETTI ET AL. 



At the burning surface, radiant energy losses are taken into account ac- 
cording to the following relationship: 



at,(7? - Tj) 



<Pref 



(5) 



Experimental observation and analysis of combustion transients pro- 
duced by energy losses through the "cold end" of the specimen may be a 
tool for providing information about the validity of theoretical consider- 
ations or data about thermophysical properties of a given propellant. Ex- 
tinction by energy losses through a metal support (Ref. 23, for instance) 
is an example of a physical configuration demanding the adoption of pro- 
pellant samples whose length is comparable with the condensed-phase ther- 
mal wave thickness. To simulate numerically these experiments, a finite- 
length slab must be assumed that shortens as combustion proceeds. This 
originates a moving boundary problem and makes it convenient to assume 
a reference frame fixed to the laboratory (Fig. lb). Since there is no relative 
motion between solid propellant and frame of reference, the convective 
term is absent from the energy equation, and the location of the grid points 
must be continuously redefined during the numerical computation as pro- 
pellant consumption progressively reduces the integration domain. 

The solution procedure for the moving boundary problem is not sub- 
stantially different from the one previously described, except that 1) the 
convective term is missing in the equation; 2) the instantaneous position 
of the burning surface becomes a further unknown of the problem; and 
3) the length of the propellant sample can no longer be considered semi- 
infinite. The new physical configuration can be described 21 by the following 
equations: 



+ 



i - K 



-F 0 exp - 



+ H c e c , 0<X<X s 



(6) 



where 



Q(X, t = 0) = assigned function 
^Wjl = h iJ*(* = °> T ) -M 

dX „ 



««S 



+ RH, 



and where X is the nondimensional abscissa in the physical scale, 6 a is the 
temperature of the propellant support (assumed constant) and h l cb is a 
heat-exchange coefficient that can simulate all of the possible boundary 
conditions ranging from adiabatic (h l cb = 0 ) to isothermal (h l cb —*■ oo). The 
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instantaneous position of the burning surface depends on the time history 
of the burning rate. 

X s (r) = X s4 - £ R(t) dr (7) 

Instead of a scale transformation (as was done for the case with fixed 
boundaries) , a nonuniform mesh size is used to save both computer memory 
and CPU time. Especially convenient is a cell size increasing exponentially 
with the distance X from the burning surface: 

Xj = X 1 exp{{(; - 1)} (8) 

The parameter £ must be computed in such a way as to make the cold end 
of the specimen coincide with the last grid point. Initial sample length, 
first cell size X u and initial number of cells have to be chosen in advance. 



B. Finite-Difference Procedures 

In this section, the procedures used to obtain finite-difference forms of 
the condensed-phase energy equation as well as the treatment of different 
types of boundary conditions will be given in detail. 

The finite-difference form of Eq. (2) uses implicit schemes and assumes 
constant mesh size in the transformed space, i. e., cell size exponentially 
growing moving away from the burning surface. To improve stability, the 
time derivative is numerically approximated by a weighted average of the 
values in the neighborhood of the point to be solved (scheme 13, Ref. 24, 
p. 191): 



39 \_ 
dT ~ At 



1 5 1 



where 



3 1 
The convective term resorts to forward differences 



(9) 



R(p, YM* + i] ^ - R(P n+ \ + if"^" (10) 



The diffusive term is approximated by central differences: 



$\X + 1) 



dX 



K C (6)(X + 1) 



59 
dX 



P 2 



■{X, + l)[K e (tf_ m ) 



{x j _ V2 + i)(e;_V - e« +1 ) - K c (Qf +1/2 )(x j+y2 + i)(9; +1 - e^)] 



(n) 
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Note that n + 1 is the current (unknown) time level; n is the previous 
time step; n - 1 refers to two time steps back; and / is the index in the 
space net varying from 1 (the burning surface) to jf (the cold end). A 
scheme of the computational grid is shown in Fig. 2a. The superscript k is 
used in the temperature dependent coefficients to indicate that such coef- 
ficients are evaluated by a predicted temperature field obtained by a con- 
venient type of extrapolation in time based on temperature fields known 
from previous time steps. If necessary, for each time step an iterative 
procedure that continuously improves the predicted solution is carried out 
until a prefixed tolerance between estimated and computed temperature 
fields is satisfied. 

With the previously described notation in mind and using the finite- 
difference forms of time and space derivatives provided by Eqs. (9), (10), 



1/12 

+3/2 -Ty- 



0_ 2 <> 

4 



1/12 

Q_n+1 



COLD 
END 



+ 1/2 ■ 



(J>- n-1 



BURNING 
SURFACE 



i-1 



scheme No. 13 from Ref. 24, p. 191 



SPACE 



Fig. 2a Scheme of the computational grid, using three time levels, adopted for 
the fixed boundary problem. 




O n+1 

0 



BURNING 
SURFACE 



i-1 



SPACE 



Fig. 2b Scheme of the computational grid adopted for the moving boundary 
problem. 
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and (11), it is a straightforward task to write the finite-difference form of 
Eq. (2) as follows: 

-Cjtffitf + Cfir 1 - c,«e?_v = d j (12) 

where 



x (Xj + mXj_ m + l)K c (Qf_ ia ) + {X j+m + l)K c (Qf +1/2 )] (14) 

CjM = ~~^t CXQ ' } AX R(P " + 1 > Y * ){X > + 1)Cc(6 ^ 

+ J§$*i + l)[(^-i/2 + l)K c {^-m)\ (15) 



At 



Ur - H, +1 + fa - k,. 



(1 ~ A) 
8„ 



1 / 1 

12V 2 

x + + l) 1/(p8a) + ^(ef-ia) (16) 

Equation (12) can be applied to all the grid points inside the integration 
domain (boundary excluded), leading to a set of jf-2 algebraic equations 
whose coefficients yield a tridiagonal matrix. A widely used technique for 
solving such kind of systems is called "Thomas algorithm" and resorts to 
Gaussian elimination to reduce the system to a simpler one of upper bi- 
diagonal form that can be solved recursively. 24 - 25 

In order to initialize the procedure, one must resort to the boundary 
conditions. In our case, the burning surface is the starting point for com- 
puting the coefficients, and the boundary condition at the cold end will be 
used to initialize the computation of 0; once all of the coefficients at the 
current iteration of the current time step are known. In finite-difference 
form, the energy balance at the burning surface is 

e?+1 = 92+1 + KM^ {qgApn+1,Q ' ) 

+ H s (P n + 1 , 8*) R(P" + \ Y*) - q out (m (H) 



In the procedure just described, the finite-difference equation has been 
obtained by approximating the derivatives in the original partial differential 
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equation with schemes whose accuracy is first order in space. However, 
any scheme suitable to be cast in tridiagonal form can also be used. 

Since many coefficients and terms in the equation and surface boundary 
condition depend on the solution (often in nonlinear manner), an iterative 
procedure must be adopted to correctly evaluate such quantities. To speed 
up convergence between the temperature profile used to compute variable 
coefficients and the actual solution, it is convenient to estimate a thermal 
profile by parabolic extrapolation at each time step. 

A simple numerical scheme for obtaining the finite-difference form of 
Eq. (6) resorts to forward differences for the time derivative: 

*? - <18) 

and central differences for the diffusive term (see Fig. 2b): 



dX 



- K c (^v2) J 1 + 1 j (19) 

The procedure for obtaining the finite-difference equation is the same 
as the one previously described, except for minor differences in the cold 
boundary treatment. As the calculation proceeds and surface regresses, all 
mesh points must be relocated in order to make the first grid point coincide 
with the new position of the burning surface. After each time step, Eq. 
(7) gives the new location of the burning surface in the laboratory frame, 
specifying by how much the new grid must be translated. The new tem- 
perature field associated with the new grid is calculated by parabolic in- 
terpolation on the old grid; linear interpolation was found to be insufficiently 
accurate. After each time step, the last cell (near the cold end) is shortened 
by an amount equal to that traveled by the surface, until its size eventually 
shrinks to zero. Thus, the total number of cells decreases as the propellant 
is consumed, speeding the calculation as time goes by. 



C. Convergence and Stability of the Solution 

The partial differential equation [Eq. (2)] is parabolic. The surface 
boundary condition must be specified by some kind of flame model, but 
is otherwise Standard, although nonlinear. If the equation were linear with 
homogeneous boundary conditions, the particular solution would be of the 
following form: 

6(Z, t) = sin(nrrZ) exp( - h 2 t: 2 K c t/C c ) (20) 

from which, by superposition, the time- and space-dependent general so- 
lution could be found. Since Eq. (20) bears no relationship to experimental 
burning behavior, the inference is that nonlinearity and the particular type 
of boundary conditions in the Fourier equation have a large effect on the 
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solution. Besides, numerical solution of such equation may predict many 
unphysical effects, such as wavy steady-state temperature profiles in the 
solid and explosive (unbounded) temperature growth. The question is then, 
When do numerical predictions indeed represent the actual solution? 

The Lax equivalence theorem can be used to seek an answer to this 
question. This theorem 24 states that, for a "properly posed" initial value 
problem u' (t) = A{u(t,x)}, with A a linear operator (i. e., for a problem 
having a unique solution depending continuously on the initial and bound- 
ary conditions), if the equivalent finite-difference equation is consistent 
and stable, then the numerical solution will also converge. Consistency 
means that the finite-difference scheme must, in the limit of vanishingly 
small step sizes, yield the original partial differential equation. Objections 
to using the Lax theorem can be raised on the grounds that, for a solid- 
propellant combustion the operator A is not linear; however, recent work 
on this aspect of Lax theorem has attempted to extend its range of validity 26 
to nonlinear equations, provided that the equation is linear, say, at each 
iteration. This is indeed the case for all methods of solution used so far. 

Well posedness in the classical sense of Hadamard introduces another 
problem for nonlinear equations such as those for solid-propellant com- 
bustion. According to Isaacson and Keller, 27 well posedness requires 
that for given data the solution exists, is unique, and is Lipschitz- 
continuous when the data are varied. However, there are critical phenom- 
ena, such as ignition and extinction, where the solution varies abruptly for 
seemingly very small changes of some data. The rather restrictive condi- 
tions for well posedness of Lax were extended by Rosinger 28 for the one- 
dimensional heat equation: 



in that "proper posedness" simply requires df/d {d 2 T/dx 2 } > 0, a condition 
always met by Eq. (2), since the thermal conductivity is always positive. 
However, it should be noticed that the effect of the boundary conditions 
is not considered by either Lax or Rosinger, whereas the influence of the 
interface condition (the burning surface) on the unsteady solid temperature 
profile is well known. With this warning in mind, the problem of assessing 
convergence of the solution then becomes that of finding whether the finite- 
difference scheme is consistent and stable. 

Consistency is usually a straightforward matter. For instance, using a 
three-level difference scheme for the time derivative, fully implicit centered 
differences for the conduction term, and forward differences for the con- 
vective term, as done in Sec. II. B, one obtains the finite form of Eq. (12). 
In the limit AX and At — » 0, the higher-order error terms vanish without 
otherwise affecting the shape of the equation, which tends indeed to the 
original partial differential equation [Eq. (2)]. Thus, the finite-difference 
scheme is consistent with the original equation. Concerning the stability 
analysis, a crucial role is played by the type of boundary conditions enforced 
and by their numerical treatment. Proving stability is difficult, and this is 
often replaced by boundedness 29 ; even in this way, showing under what 




(21) 
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conditions Eq. (12) yields a bounded numerical solution is a formidable 
task. Von Neumann analysis using Fourier series applies to either linear 
equations with simple boundary conditions (homogeneous conditions, or 
conditions that can be reduced to homogeneous) or to equations where 
the effects of the boundary conditions inside the integration domain can 
be neglected. Clearly, neither type of equation applies to solid-propellant 
combustion models. Matrix analysis is instead more general, since the 
boundary conditions are automatically accounted for, although it still as- 
sumes a linear treatment of the problem. 29 

Whether justified or not, by now it is an established practice to assess 
stability euristically, i. e., testing the scheme by varying physical and nu- 
merical parameters (mainly step sizes). Then, if the scheme is stable, and 
since the problem is well posed in Rosinger's sense of the term, when the 
finite-difference solution is indeed consistent, the numerical predictions 
will converge to the actual solution in the limit of step sizes tending to 
zero. What this means, then, is that a physically sound solution obtained 
with sufficiently small step sizes, and not one that behaves well when 
changing numerical parameters, will be sufficiently close to the actual so- 
lution of Eq. (2). 



A. Condensed-Phase Steady Temperature Profile Computation 

The computation of condensed-phase steady temperature profiles is im- 
portant for three reasons: 1) to allow a direct comparison between nu- 
merical and experimental results; 2) to determine the initial condition 
required to start most transient computations; and 3) to provide a base for 
nonlinear combustion stability analysis. 

For constant thermal properties (C c = 1 and K c = 1) and the absence 
of distributed chemical reactions {H c = 0), analytical solutions are available 
for the steady problem. Both boundary conditions can be expressed in 
terms of temperature, as the cold boundary is assumed to be in thermal 
equilibrium with the ambient and the surface temperature is measured or 
can be computed (from numerical solution of the energy balance at the 
burning surface). Obviously, this latter case implies the choice of appro- 
priate flame models to provide the heat feedback from the gas phase to 
the burning surface and the evaluation of the heat flux feeding the con- 
densed phase through the first integral of the steady-state energy equation 
in the solid. 

In the physical nondimensional scale, assuming constant thermal prop- 
erties, no condensed-phase chemical reactions, and known values of the 
temperature at the boundaries, the steady-state analytical solution is 



III. Steady State: The Starting Point 



%{X') = Q a + (9, - 9J exp(X' J R) + = 



(1 ~ A) 



R ~ (l/8 rad ) 




(22) 
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Actually, other analytical solutions are available for nonreacting con- 
densed-phase and temperature dependencies of the thermal properties. 22 
For instance, an implicit analytical solution can be found for C c = 1, 
F 0 = 0, and K c - 1 + 66, or an explicit solution holds for K c = 1, F 0 = 
0, and C c = 1 + a6, and so on. Thus, analytical solutions are to be used 
to check the validity of numerical procedures before they are applied to 
more complex situations. In the exponential coordinate system [see Eq. 
(2)], the solution equivalent to Eq. (22) is 

q(X) = e a + (e, - o a )(x + i)*f» + - (1 - r ^ 



R - (1/8™,) 

X [(X + l)l'(P 8 rad) - (X + l)* /f3 ], 0 < X < 1 (23) 



Apart from the simple case above [Eq. (22) or Eq. (23)], steady states 
must be computed numerically. Different finite-difference schemes as well 
as implicit or explicit methods can be used; however, an iterative procedure 
cannot be avoided because most coefficients depend on the solution itself 
[i. e., K c {%), C c (0), e c .(0)]. The problem formulated in exponential scale, 
for_example [i. e., Eq. (2) without the time derivative and with Q(X = 0) 
= 8 S as surface boundary condition], has been numerically solved both 
with a fourth-order Runge-Kutta implicit method 13 and with an implicit 
solution inverting a tridiagonal matrix, as done for the unsteady case. The 
latter method was found to be superior, leading to a simpler and faster 
code while no significant differences between the two solutions were ob- 
served. Apart from the solution method, it is crucial to select a proper 
value of the parameter p [see Eq. (1)] in such a way as to keep the derivative 
of the temperature profile bounded at X = 1 : For the analytically known 
solution of Eq. (23), this condition holds for p < R and (3 < l/8 rad . On 
the other hand, a value of 3 that is too small should not be chosen since, 
for a fixed number of grid points, the solution accuracy will be insufficient 
near the burning surface. 

For cases in which analytical solutions are not available, no direct eval- 
uation of the influence of p on the numerical solution is possible. At most 
one can calculate solutions for several values of p until its value is no longer 
influent. However, experience based on a large number of numerical so- 
lutions suggests that the conditions p < R and (3 < 1/S rad ensure reliable 
numerical solutions even for variable coefficients and chemically reacting 
condensed phase. 13 For transient calculations, the burning rate R is not 
constant, and one should select the parameter p and the number of nodes 
in such a way as to satisfy simultaneously the requirements at the cold 
boundary (small enough P) and near the burning surface (sufficient number 
of nodes) for the whole transient. 

The procedure for obtaining finite-difference forms of the steady equa- 
tions (both in transformed and linear scale) was described in Sec. II. B. 

In general, an iterative procedure is needed since thermal properties 
depend on the solution itself; moreover, for a reacting condensed phase 
(H c + 0), the pre-exponential term A c (p) in the one-step, zero-order 
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reaction [see Eq. (3)] is unknown. A c (p) can be obtained by imposing the 
following normalization relationship 13 : 

R = j^°_ x Z c (P, e)dX' (24) 

This means that the pre-exponential coefficient A C (P) is given by 

MP) = — ; : r (25) 



L exp { gi[e(^)(r J>ref -r ref ) + r ref ]} dX ' 



B. Some Results 

It is well known from literature that AP features three solid-state crystal 
phases. The first, a low-temperature phase, is not of interest to rocket 
applications. Within the temperature range of interest to solid-propellant 
combustion fail both the orthorhombic phase, in the 83-513 K temperature 
interval, and the cubic phase, from 513 K to the melting point at 723 K. 
Experimental studies confirm that the thermal properties, in the temper- 
ature range of the condensed-phase combustion wave (—300-1000 K), 
show significant variations due to the crystallographic transition of AP. 
Specific heat and thermal conductivity may vary by a factor of 2 at the 
ends of the combustion wave, with strong effects on the burning properties. 
It is important to stress that variable thermal conductivity and variable 
specific heat will produce a different thermal profile inside the condensed 
phase and affect the instantaneous burning rate, as well as the temperature 
sensitivity and the pressure-coupled response function. 

Information derived from experimental work is then of paramount im- 
portance. In particular, the sudden change of thermal conductivity around 
513 K (the transition temperature for AP crystals from orthorhombic to 
cubic structure) is confirmed by measurements of steady temperature pro- 
files in the condensed phase performed in this research group (see Chapter 
5 in this volume). When the temperature approaches values typical of 
the surface (i. e., 700-900 K), measurements become problematic, and 
some kind of extrapolation is necessary. In this section, thermophysical 
properties are appropriately selected in order to reproduce different tem- 
perature profiles measured by microthermocouples during steady-state 
combustion of an AP-based propellant. 

In Fig. 3a, numerical thermal profiles obtained with different sets of 
thermophysical properties are compared to an experimental profile at 0.054 
atm. Attention should be given to the fact that, under these operating 
conditions, the combustion is characterized by self-sustained oscillations. 
Since neither experimental nor numerical evidence of temperature oscil- 
lations could be detected inside the condensed phase, one must conclude 
that they are confined in the gas or into an extremely thin layer immediately 
below the burning surface. Further details about this point will be given 
in Sec. V. C. The experimental results clearly show the sudden change of 
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Fig. 3 Comparison between experimental and numerical steady condensed-phase 
temperature profiles: a) p = 0.054 atm; b) p = 2.40 atm; c) p = 15.0 atm. 
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the transport properties around the AP transition temperature (about 513 
K). This peculiar behavior cannot be reproduced with constant or even 
linearly temperature-dependent properties. Thus, the thermal conductivity 
has to be modeled in a nonlinear way to duplicate the experimental trends. 
The data set of Table 1 allowed experimental temperature profiles to be 
numerically reproduced at 0.054 atm. Note that in this data set the thermal 
conductivity vs temperature law is essentially the same as the experimental 
data by Stark and Taylor. 5 

In Figs. 3b and 3c, computed temperature profiles at 2.4 and 15 atm are 
compared to the experimental profiles obtained at the same pressures. In 
both cases, the data set of Table 1 is able to reproduce the experimental 
trend characterized by the change of the transport properties at the AP 
transition temperature. 



IV. Validating Nonlinear Burning Stability Theories 

A. Relevance of Flame Structure 

To perform an example of numerical validation of intrinsic burning sta- 
bility predictions, the catalyzed DB composition of Table 2 is considered. 
A typical qualitative trend of the temperature profile in DB and AP com- 
posite propellants is shown in Figs. la and lb, respectively. The combustion 
wave in the gas phase of composite propellants is "thin" in space and time, 
over a large range of operating conditions. The same statement cannot be 
applied to DB propellants, which show a more complex structure of the 
gas phase. Flames associated with DB propellants are "thick," in space as 
well as in time. The thin and thick classification arises from a comparison 
between the conductive characteristic time in the condensed phase and the 
corresponding gas-phase quantity. On the basis of such a comparison, a 
quasisteady gas phase may or may not be assumed. Another difference 
between flame structures is that the gas-phase heat release is developed 
near the burning surface for composite propellants, whereas it has an 
elongated distribution for DB propellants. This different structure is re- 
sponsible for the different behavior in dynamic burning and combustion 
stability of composite and DB propellants. 

An examination of the qualitative sketch of Fig. la indicates that two 
important considerations have to be made. The first concerns the energetics 
of the gas-phase combustion wave: The structure of the wave is divided in 
the fizz zone, dark zone, and flame zone. The dark zone, in which the 
temperature profile is essentially isothermal, behaves as a filter between 
the fizz and the flame zones. Because of the isothermicity of the dark zone, 
what happens in the flame zone, although relevant from the point of view 
of the energy release, does not influence the critical burning surface region. 
From the point of view of the energetics, the effective controlling substruc- 
ture is the fizz zone. The second consideration concerns the character- 
istic times computed from the analysis of experimental measurements. The 
fizz-zone characteristic time is orders of magnitude smaller than the char- 
acteristic time of the condensed phase. 31 The classical and powerful quasi- 
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steady gas-phase assumption may also be applied to DB fizz-zone com- 
bustion modeling. 

The physical picture shows how simulation of solid-propellant combus- 
tion must be specialized to the nature of the propellant. In particular, with 
reference to the flame model approach, the nature of the propellant, and 
consequently its specific flame structure, asks for a different flame model. 
This topic is extensively treated in Ref. 31; the reader is referred to this 
work for further details. 

B. Numerical Validation of Burning Stability Plots 

Predictions of intrinsic burning stability (obtained from the stability anal- 
ysis presented in Chapter 14) may be conveniently organized into bifur- 
cation diagrams. The surface temperature of the characteristic roots of the 
perturbed energy equation in the condensed phase is plotted vs pressure; 
substantial changes in the nature of the solution occur for the change of a 
given parameter of the problem (e. g., condensed-phase heat release), called 
the "bifurcation parameter." 

Analytical predictions need to be validated experimentally (if possible) 
and numerically by direct integration of the basic set of equations under 
the same operating conditions and with the same data set as that used for 
the nonlinear stability analysis. 

Several authors (see Chapter 6 by Zenin in this volume) suggested that 
thermal degradation of DB compositions starts in the low-temperature 
region of the condensed phase. Zenin suggests a two-step kinetic mecha- 
nism: The first reaction (responsible for the splitting of N0 2 ) is in the range 
of up to 523 K, and the second is in the range of 523 K to surface tem- 
perature (due to highly exothermic reactions). The activation energy of 
the first step is 48,000 cal/mole, and the activation energy of the second 
step is 21,000 cal/mole. The pre-exponential factors are obtained by the 
extension of the normalization condition of Eq. (25) to each of the two 
processes, and the reaction order is assumed to be zero for both pyrolysis 
reactions. The two steps are assumed to be consecutive. 

The bifurcation diagram of Fig. 4, obtained with the data set of Table 
2, shows the behavior of the nonlinear combustion model near the burning 
surface Q c l = 0.25 Q s and far from the burning surface Q c 2 = 0.02 Q s . 
Following the same nomenclature as that introduced in Chapter 14, root 
A represents the steady-state reacting solution, root B the dynamic ex- 
tinction limit, and root C the nonreacting solution. Different laws of the 
average fizz-zone specific heat and of the condensed-phase specific heat 
were considered. The shape of the curves points out the lack of static 
burning stability around the super-rate region (dotted line) and the pres- 
ence of a region of upper dynamic instability (lobe above the locus of roots 
A), which sensibly decreases when the fitting law for < c g (p) > suggested 
by Zenin (curve 1 vs curve 2) is considered. The main information obtained 
from Fig. 4 is the expectation of static burning instability in the pressure 
interval between 4 and 9 atm. This analytical prediction is not verified 
experimentally: Steady-state burning could be observed in the pressure 
range mentioned. Now, following the plan of Sec. LD, it is important to 
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PRESSURE, atm 

Fig. 4 Bifurcation diagram showing the analytically predicted influence of the 
fizz-zone specific heat on the combustion stability. 



check the internal consistency of the whole approach. Numerical compu- 
tations performed to validate the predicted results of Fig. 4 are presented 
in Fig. 5, where numerical transient burning histories confirm the time- 
invariant steady-state solution predicted at 3 and 15 atm and the self- 
sustained oscillatory solution at 6 atm. Several tests at different pressures 
were performed; in all cases, the numerical integration of the f uli set of 
governing equations confirmed the approximate but nonlinear analytical 
predictions. 

After checking internal consistency and the overall combustion model, 
it is reasonable to refine the data set of Table 2 in order to investigate the 
static burning instability around the super-rate region. Figure 6 is a sum- 
mary of the energetics involved when a two-step kinetic mechanism is 
activated. Curves 1 and 2 were obtained for condensed-phase reactions 
that were energetically neutral (Q cA = Q c 2 = 0): The pyrolysis submodel 
is concentrated at the burning surface. When surface heat release is de- 
creased from the experimental value (curve 1) to Q s = 0.7 <2 s , e xp (curve 
2), the static burning instability interval totally disappears and the lobe of 
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Fig. 5 Numerical validation of the bifurcation diagram of Fig. 4. 



upper dynamic instability becomes an island of dynamic instability. These 
trends stress the need for high accuracy in determining the surface heat 
release. Curves 3 and 4 show the behavior of the nonlinear combustion 
model when only the high-temperature condensed phase is responsible for 
heat release; the second step is assumed energetically neutral. The total 
condensed-phase heat release Q c is partitioned between surface concen- 
trated and high-temperature distributed degradation (curve 3: Q c l = 0.125 
Q s ; curve 4: Q cA = 0.250 Q s ). The shape of the bifurcation diagram shows 
that static burning stability improves, but dynamic stability worsens. Curves 
5 and 6 relate to a situation where the high- and low-temperature condensed- 
phase reactions are both activated. The trend of the bifurcation diagram 
shows that the exothermic energy release in the high-temperature degra- 
dation layer slightly favors static stability (compare curves 1 and 5) , whereas 
the exothermic energy release in the low-temperature degradation layer 
reduces dynamic instability (compare curves 4 and 5). Opposite conclu- 
sions may be drawn if endothermic reactions are considered, as shown by 
curve 6. 

Figure 6 summarizes the trend of burning stability vs the distribution of 
energetic processes in the condensed phase: Static burning stability is barely 
affected, whereas upper dynamic instability may be significantly affected, 
even for small fractions of the heat released. 

These analytical predictions, which are very useful for evaluating the 
burning stability, were proved by the numerical integration of governing 
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Fig. 6 Bifurcation diagram showing the analytically predicted influence of the 
surface and condensed-phase heat release on the combustion stability. 



equations. Figure 7 summarizes typical numerical results. Curve 1 shows 
that extinction is reached for the operating pressure of 7.5 atm according 
to the analytical prediction of curve 1 in Fig. 6 (Q c l = 0.; Q c2 = 0.). 
Curve 2 shows the time-invariant steady solution predicted at 20 atm by 
curve 3 in Fig. 6 (Q c A = 0.125 Q s ; Q c2 = 0.). The oscillatory behavior 
curve 3 also confirms the analytically predicted behavior at 6.5 atm by 
curve 5 in Fig. 6 (Q cA = 0.25 Q s ; Q c 2 = 0.02 Q s ). The test was always 
successfully performed, and this allows us to establish a further check in 
the validation of the numerical approach. 

V. Comparing Numerical and Experimental Results 

A. Ignition 

Solid-propellant ignition can be achieved experimentally by means of 
radiation sources such as lasers. Ignition maps usually pro vide ignition 
delay time as a function of radiant flux intensity for a given propellant and 
assigned ambient conditions. From the viewpoint of numerical simulation, 
the energy supply can be idealized as a trapezoidal pulse of monochromatic 
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Fig. 7 NumericaI validation of the bifurcation diagram of Fig. 6. 
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Fig. 8 NumericaI simulation of ignition transients obtained by radiant energy 
input. Two limit (go/no-go) cases are reported that stress the influence of the 
solid-propellant opticai transparency. 
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radiant energy. The initial condition is, in the present case, the unreacting 
one, with the solid propellant in thermal equilibrium with the surroundings. 

Among others, relevant parameters are thermal properties, surface re- 
flectivity, and optical transparency of the condensed phase. Propellants 
with large specific heat are expected to be more difficult to ignite because 
they possess large thermal inertia; on the contrary, ignition is favored by 
small values of surface reflectivity, thermal conductivity, and optical trans- 
parency, since this would concentrate most of the energy input in a thin 
layer near the irradiated surface, where temperature can rise faster. 

In this section, ignition transients are computed with the data set of 
Table 1 and compared with experimental data taken from Ref. 6. Figure 
8 shows typical computed go/no-go ignition transients driven by a radiant 
flux intensity of 50 cal/cm 2 s at 5 atm. Two examples of limit cases are 
reported that indicate the influence of the condensed-phase optical trans- 
parency (a x = 250 and 500 cmr 1 ). As expected, larger optical transparency 
(a x = 250 cm" 1 ) delays ignition, since the radiant energy deposition is 
spread over a thicker portion of the solid. Comparisons between numerical 
and experimental results for AP-based propellants and radiant flux intensity 
ranging from 10 to 100 cal/cm 2 are shown in Fig. 9. Notice that the ther- 
mophysical properties adopted for these calculations are exactly the same 
as those used to compute the steady temperature profiles in Sec. III. B. 



AP - COMPOSITE (Ref. 6) 



\ LASER HEAT1NG 

\V N z orAIR(5-21 atm) 




J I lili I I I I I I I I l I I I 

5 5 10 50 100 500 

RADIANT FLUX INTENSITY, (1-fj) l 0 , cal/cm2s 

Fig. 9 Ignition map providing go/no-go ignition boundaries in terms of time of 
radiant heating vs radiant flux intensity. Experimental and numerical results are 
compared. 
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B. Pressure-Driven Transients 

Dynamic burning conditions are often produced by pressure variations 
in the combustion chamber. Measurements of the instantaneous burning 
rate are extremely problematic, especially for fast combustion transients. 
Some results concerning unsteady burning rate following fast pressurization 
of the combustion chamber were provided by Brulard et al. 32 in 1975. 
Numerical attempts made by Nelson in 1983 3 and Bruno et al. in 1986 33 
were only partially successful in reproducing experimental data that, on 
the other hand, did not seem to be completely consistent. 

An alternative approach that can be used to compare experimental and 
numerical results in unsteady combustion regimes consists of performing 
experiments in critical conditions in such a way as to obtain totally different 
behavior (easier to detect experimentally) of the combustion with even 
minor variations of some controlling parameters. For instance, for a given 
propellant and assigned initial and final pressure levels, a critical depres- 
surization Iaw can be experimentally determined that separates transients 
leading to extinction from transients in which extinction does not occur. 
Examples of this kind of experimental results can be found in Ref. 34 for 
composite propellants and in Ref. 35 for double-base propellants; in the 
same papers, comparisons are made between experimental and computed 
go/no-go extinction boundaries. 

Flame models play an important role in numerical simulation of de- 
pressurization transients, since the burning propellant is affected by pres- 
sure changes through the conductive heat feedback from the gas phase to 
the burning surface. Nonlinear flame models [Krier-T'ien-Sirignano-Sum- 
merfield nonlinear version 36 (KTSSN), Merkle-Turk-Summerfield 18 (MTS), 
and ap-y 35 ] must be used; they provide vanishing heat feedback as the 
burning rate approaches zero (extinction). This argument is extensively 
treated in Chapter 14 in this volume; here, we only remember that dynamic 
combustion is essentially governed by the gas-phase average characteristic 
time parameter, formally defined as 

8 ~ T *F r ( ' 



where i g the nondimensional residence time in the gas phase. KTSS or 
equivalent models assume that ¥ g depends on pressure only; numerical 
simulations of depressurization transients performed with these flame models 
require pressure decay rates even orders of magnitude faster than those 
experimentally observed to achieve extinction. The MTS model instead 
assumes that the gas-phase reactions^depend on both mass diffusion and 
chemical kinetics; thus, in this case, i' g = f (p, T). This allows one to ap- 
proach the experimental 34 results in terms of go/no-go extinction runs as 
shown in Fig. 10; these experimental results are fully discussed in Chapter 
9. In this figure, numerical results with the MTS flame model were obtained 
with constant condensed-phase thermal properties; despite such simplifi- 
cation, the computed extinction boundaries are quite close to the experi- 
mental points. 
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Fig. 10 Extinction map providing go/no-go extinction boundaries in terms of 
maximum depressurization rate vs initial pressure for two values of the final 
pressure (1 and 3.25 atm). Experimental and numerical results are compared. 

The afty flame model can correctly reproduce both steady burning rates 
and temperature profiles and can take into account both temperature and 
pressure dependencies of the gas-phase characteristic time parameter. Ac- 
tually, by properly modeling the function j' g (p, T), the model can provide, 
in particular, results equivalent to those obtained with the MTS in dynamic 
burning. The extinction boundaries reported in Fig. 10 with continuous 
lines were obtained with an afiy flame model and with the same ther- 
mophysical properties as those adopted for steady state (Sec. III. B) and 
ignition (Sec. V. A) calculations. 

The capability of the numerical model to evaluate correctly (either with 
MTS or a$y flames) extinction boundaries for different initial and final 
pressures should be noted. In particular, it must be noted that extinction 
becomes much more difficult to obtain as the final pressure is increased. 
The "knee" of the extinction boundary at p f = 3.25 atm is physically 
justified, since, when the pressure drop {p t - p f ) becomes small enough, 
extinction is never achieved even for extremely large depressurization rates. 
The same behavior is expected for p f = 1 atm, but obviously at lower 
values of the initial pressure. Notice at last that, during the depressurization 
runs computed to build the go/no-go extinction boundaries of Fig. 10, the 
analytically predicted extinction limits were always numerically verified. 
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C. Oscillatory Combustion near the Pressure Deflagration Limit 

By definition, self-sustained combustion of solid propellants is not main- 
tained below the PDL (see Ref. 37 and Chapter 9 in this volume). 

Numerical modeling of these phenomena does not require the intro- 
duction of any particular submodel or procedure: Since the pressure is 
reduced, the numerical solution gives self-sustained oscillations of the sur- 
face temperature (or of burning rate or of flame temperature) of lower 
and lower frequency until, when the PDL is reached, the surface temper- 
ature drops to ambient (extinction). The parameter that affects PDL the 
most is the energy release in the condensed phase and at the burning 
surface, even though almost all of the parameters involved in the mathe- 
matical model have some influence. In Fig. 11, some examples of computed 
self-sustained oscillations are reported. The strong influence of the pressure 
level on the oscillations frequency is evident, and amplitudes remain com- 
parable. At the lowest pressure level tested (p = 0.015 atm), extinction 
occurs, indicating that PDL has been reached. 

Attention must be given to time steps and mesh sizes, since the oscil- 
lations have low frequencies (on the order of 1 s -1 ) but are strongly non- 
linear (i. e. , the rise time of peaks is short compared to the period). Moreover, 
condensed-phase thermal profiles are thick, but, during peaks, the tem- 
perature gradients near the surface are severe, requiring a small local mesh 




NONDIMENSIONAL TIME, T 



Fig. 11 Numerical simulation of self-sustained combustion oscillations near the 
pressure deflagration limit (PDL). Results are given for p = 0.015, 0.05, 0.1, and 
0.15 atm. At p = 0.015 atm (a pressure below the PDL), extinction is obtained. 
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size. This clearly poses computational problems when one looks for evi- 
dence of self-sustained oscillations, since the grid must be very fine near 
the surface while it must simultaneously cover a large portion of the sample 
and the time step must be conveniently enlarged or shortened depending 
on the instantaneous burning rate. However, the approach described in 
Sec. II. B has enough flexibility to overcome these difficulties without too 
severe requirements in terms of computer memory and time, even if in- 
tegration is carried on for many oscillations in order to verify their peri- 
odicity and uniformity. 

The condensed-phase thermophysical properties have a remarkable in- 
fluence on the oscillation frequency. In fact, frequency is strictly connected 
with the condensed-phase thermal wave characteristic time. For constant 
thermophysical properties and a nonreacting solid phase, one finds the 
familiar expression t th c = ajr 2 b . However, calculations with constant prop- 
erties do not give frequencies comparable with those experimentally mea- 
sured unless a unrealistically low thermal diffusivity is assumed. The 
temperature dependence shown in Table 1 (roughly reproducing the results 
of Ref. 5) is the only way to achieve numerically reasonable results, if one 
wants to maintain realistic thermal properties. 

In Fig. 12, experimental frequencies 30 are compared with numerical cal- 
culations obtained with two different sets of thermophysical properties. 




PRESSUHE, p, alm 

Fig. 12 Comparison between experimental and numerical results on combustion 
oscillation frequencies near PDL. 



(&AIAA 

HnWa^ffiiimihiiioipiimiaiilfAf Purchased from American Institute of Aeronautics and Astronautics 



NUMERICAL COMPUTATIONS OF NONSTEADY BURNING 675 

Basically, the only difference between the two data sets is the temperature 
dependence of thermal conductivity. The dashed curve was obtained with 
the same data set as that used for steady-state, ignition, and depressuri- 
zation runs and is the same as that in Fig. 11 (i. e., it has essentially the 
same properties as those provided in Ref. 5). Although good agreement 
with experiments was obtained in the previous calculations, numerical runs 
with this data set gave frequencies well below the experimental points. 
Matching the experimental data can be done by lowering the high- 
temperature thermal conductivity by almost a factor of 10 and also by 
lowering the temperature at which conductivity starts to decrease from its 
reference value. But this is a futile exercise, in view of the experimental 
results reported in Ref. 5. Since experimental values of thermal conduc- 
tivity support the results described by the dashed curve, whereas experi- 
mental frequencies are much higher than those predicted, it seems reasonable 
to conclude that some still unknown effect contributes to modify the os- 
cillation mechanism. For instance, Kuwahara and Kubota 38 observed mul- 
tidimensional effects in the surface regression and irregularities just above 
the surface due to flamelets surrounding AP crystals: These phenomena 
can modify locally the energy feedback from the gas as a result of detailed 
surface or subsurface effects, such as the possible presence of a liquid film 
on the surface that can modify the surface reaction mechanisms and ther- 
mophysical properties. 



VI. Experimenting in the Numerical Laboratory 

A. Nonlinear Frequency Response 

Dynamic combustion of a solid propellant is mainly governed by the 
condensed-phase characteristic time. This is conceptually correct for phys- 
ical situations in which the gas phase behaves in a quasisteady manner. 

By assuming constant thermophysical properties, opaque propellant, and 
absence of chemical activity in the solid, the condensed-phase heat diffusion 
time is t th c = a.Jr 2 h . Thus, if a periodic forcing function is used to drive 
combustion oscillations (i. e., sinusoidal variations of pressure or radiant 
flux intensi ty), the maximum dynamic effect is obtained for a frequency 
of around v c = l/t tKc . This is a typical result of linearized analysis, 39 which, 
indeed, has serious drawbacks: It assumes very small perturbations and, 
usually, constant thermal properties. Real propellants are, in general, sub- 
jected to finite-size perturbations, and, moreover, thermophysical prop- 
erties may dramatically change in the temperature range of concern. 
Consequently, linearized models may provide incorrect information about 
frequency-response characteristics of a real burning propellant, and the 
differences respect to the nonlinear approaches may be large. 

As an example, nonlinear frequency-response curves have been obtained 
by numerical integration of Eq. (2) for sinusoidal pressure variation from 
9 to 11 atm. For convenience, the propellant used in this study is an AP/ 
HTPB composite propellant whose properties are described in detail in 
Chapter 5. A broad frequency range has been investigated for three dif- 
ferent sets of thermophysical properties. The results are reported in Fig. 
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13, where the pressure and radiation frequency-response functions are 
plotted vs frequency. In Fig. 13, curve 1 was obtained assuming constant 
thermal properties, evaluated at the reference temperature (300 K), i. e., 
c c = 0.3 cal/g K and a c = 2.34 x 10~ 3 cm 2 /s. The frequency-response 
curve peaks around the condensed-phase characteristic frequency, featur- 
ing the maximum amplification. Curve 2 was still obtained with constant 
coefficients, but thermal properties were averaged, leading to c c = 0.35 
cal/g K and a c = 1.40 x 10 _ 3 cm 2 /s. The frequency-response curve peaks 
now at the frequency v c = 150 s -1 . The strong influence on the frequency 
response of both parameters should be noticed: In essence, increasing 
thermal diffusivity simply translates the curve toward different frequency 
ranges, whereas increasing specific heat reduces the oscillation amplitude. 
More realistic information about the frequency response of the test pro- 
pellant is provided by curve 3, which was obtained with temperature- 
dependent thermal properties. It is worth emphasizing that, although the 
maximum of curve 3 is lower than the other ones, there is a frequency 
range (above —250 s" 1 ) where calculations with constant coefficients un- 
derestimate the frequency response of a "real" propellant. 

Curve 4 of Fig. 13 represents the radiation-driven frequency-response 
function, with the condensed phase considered opaque to seek a possible 
correspondence with the pressure-driven response. Curve 4 shows, indeed, 
a very similar trend to curve 3. At least for linearized results, a scale factor 
may be used to derive the pressure-driven frequency-response function 
from the radiation-drive frequency response function, which was easier to 
measure experimentally than the first (for details, see Chapter 14). 




1000 10000 

FREOUENCY, V,s 1 



Fig. 13 Numerically computed nonlinear frequency response of a composite 
solid-propellant investigating the effects of thermal properties. 
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B. Influence of Radiation Pulses on Nonsteady Burning 

Computer codes can be used to study the influence of parameters on 
the numerical solution. A typical example is given here in which unstead- 
iness is produced by radiation pulses. The propellant response is described 
in terms of surface temperature vs time. 

The dynamic effects on the combustion process produced by a pulse of 
monochromatic radiant energy impinging on the burning surface are shown 
in Fig. 14 for different levels of condensed-phase transparency. 

The forcing function is, in this case, a trapezoidal pulse whose maximum 
intensity is I 0 = 100 cal/cm 2 s. For opaque propellants (rf rad = 0), the 
response in terms of surface temperature is very fast, since all of the 
radiative input is absorbed at the burning surface. A prompt response is 
observed after the pulse cutoff as well. As the transparency increases, the 
propellant response is delayed since energy deposition is spread over a 
thicker portion of the condensed phase, producing correspondingly much 
thicker thermal waves. The substantial differences in the condensed-phase 
thermal wave structure due to increasing transparency levels can be clearly 
realized by an examination of the different combustion response after the 
pulse cutoff. For sufficiently long radiation pulses, transparent propellants 
exhibit thick profiles yielding large burning rates, until the layer heated by 
external radiation is fully pyrolized. This effect is enhanced by the possible 
presence of exothermic reactions in the solid. It should be noted that, to 
be rigorous, the pre-exponential term A c [see Eq. (3)] should be evaluated 
for each combination of / 0 and d rad ; in fact, A c depends in Eq. (25) on the 




NONOIMENSIONALT1ME, r 



Fig. 14 Numerical simulation of a combustion transient, driven by a radiation 
pulse, investigating the influence of condensed-phase transparency. 
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whole condensed-phase temperature profile, which is affected by the ra- 
diation penetration in the propellant sample. However, since the error 
introduced is small (although not negligible), only the pressure dependence 
was considered in the calculations reported in Fig. 14. 

C. Extinction by Heat Sink 

Unsteady combustion of solid propellants can also be obtained by sub- 
tracting (or adding) energy at the cold end of the propellant slab. De- 
pending on the amount of energy loss through the propellant support, one 
can produce totally different combustion dynamics. In order to make the 
influence of such energy losses not negligible, the thickness of the specimen 
must be comparable with the thermal wave thickness sustaining the com- 
bustion, and the usual assumption of semi-infinite propellant sample has 
to be removed. One deals in this case with a problem having a moving 
boundary (the burning surface), whose formulation and numerical solution 
has been discussed in Sees. II. A and II. B. 

Although rarely performed, experiments under these conditions help in 
providing information on propellant thermophysical properties and un- 
steady combustion mechanisms, as pointed out by Novikov and Ryazan- 
tsev. 23 

Some numerical results will be deseribed here that were obtained with 
the propellant data set of Table 1. Pressure and cold end heat-exchange 
coefficients were parametrically changed: The pressure range of 1-100 
atm and values of h lcb varying from zero (adiabatic boundary) to 1000 cal/ 
cm 2 s K were investigated. An initial thickness of the specimen was chosen 
that is much larger than the thermal wave, allowing the propellant to burn 
steadily for a relatively long time before the unsteady effects induced by 
the cold boundary condition could be seen. The initial number of grid 
points was 301 , and the first cell size (near the burning surface) was selected 
in such a way as to deseribe accurately the temperature profile at the given 
pressure level [Eq. (8) for the cell size distribution]. Although no com- 
parison with the experimental results given in Ref. 23 is attempted here, 
due to lack of complete information about the propellants used, some 
typical results are now discussed. 

In Fig. 15, R is plotted as a funetion of the remaining thickness of 
unburned propellant for different ambient pressures and different values 
of the heat-loss coefficient at the cold boundary, h icb . The reader may 
visualize what happens to the burning rate by "riding" each curve from 
left to right. The curves at 1 and 50 atm were obtained using an isothermal 
cold end boundary condition (actually, h lcb = 1000 cal/cm 2 s K was adopted, 
which keeps the temperature of the current last grid point virtually con- 
stant) and show the corresponding burning rates falling rapidly when the 
burning surface approaches the cold wali. The family of curves at p = 10 
atm has been drawn to point out the effect of the heat transfer through 
the propellant support. Going from the nearly isothermal toward the nearly 
adiabatic case [i. e., decreasing h lcb \ the unburned propellant thickness 
decreases until, for sufficiently low heat losses, reaches zero (no propellant 
left). By further lowering h lcb , during the final part of the combustion 
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PROPELLANT THICKNESS, j/m 

Fig. 15 Numerical simulation of combustion transients, driven by energy losses 
through the cold end of the propellant sample, stressing the effects of pressure 
and cold end heat-exchange coefficient. 



transient the burning rate increases since the average temperature of the 
sliver left tends to become higher and higher, making the propellant ex- 
tremely reactive. 

In Fig. 16, thicknesses of unburned propellant are given for the pressure 
range of 1-100 atm and for a cold boundary heat-exchange coefficient 
varying from 0.2 to 1000 cal/cm 2 s K. Notice that, for example, for h l cb = 
0.5 cal/cm 2 s K, virtually no propellant is left above 20 atm. Alternatively, 
for a fixed pressure, a limit value of h l cb could be determined below which 
the propellant fully pyrolyzes (Fig. 16 at p = 10 atm). Notice that, for 
nearly isothermal cold boundary, a straight line is found with a slope 
comparable to the ballistic exponent. Actually, if constant thermal prop- 
erties and unreacting condensed phase were used, a slope exactly equal to 
the ballistic exponent would be obtained. Note also that thicknesses of 
unburned propellant, especially at high pressure, are comparable and even 
smaller than the average size of the AP crystals. In this case, possible 
comparisons with experimental results would be meaningful only for ho- 
mogeneous (double-base) propellants. 

D. Nonsteady Burning in Confined Volumes 

Ali computations presented in previous sections concern solid-propellant 
combustion in an open geometry. This configuration allows us to focus the 
attention on propellant combustion properties and to keep fluid dynamics 
apart: Velocity coupling effects are complex phenomena that are not yet 
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Fig. 16 Computed values of the unburned propellant as a function of pressure 
and cold end heat-exchange cocfficient. 



entirely understood and are difficult to model. Therefore, the next step 
toward full modeling of unsteady burning in a rocket combustion chamber 
is to approach the pressure coupling problem. The objective of this section 
is to perform such a task. The specific issue of interest in the pressure 
coupling analysis is to study the effects of a confined geometry on the 
intrinsic burning stability properties of a given propellant. 

The configuration used to perform the pressure coupling problem is very 
simple. The cylindrical grain of the burning solid propellant has a cross 
section of area S b and is located in a rocket motor whose nozzle has a 
throat area S,. The nozzle throat is assumed to be always choked, and, for 
simplicity, no variation of the volume V cc of the combustion chamber is 
considered. Regarding all computations reported earlier, monodimension- 
ality in space and quasisteadiness of the gas phase are assumed. A uniform 
pressure distribution is assumed. The pressure time dependence results 
from a balance of the mass production in the combustion chamber, the 
mass discharge through the nozzle, and the mass accumulation in the free 
volume of the motor. 
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Following Ref. 40, the instantaneous combustion pressure under un- 
steady operating conditions is given by 



Pjt) 



'T^J_( S _V ££ Wdp ££ 
W S,T V c T f Sft d; 



(27) 



where F (y) is a property of the combustion products sometimes called the 
Vandenkerckove function: 



r = 



and the expression 



dp 



dt V cc w 



v 7 + 1 



s, r 

r " } + S h Pc TfA {Pcc Pcc \ 



(28) 



(29) 



is introduced in the model to emphasize the pressure coupling effect. In 
the numerical code, a further convergence loop for the computation of the 
combustion chamber pressure has to be implemented. The task of such 
loop is to ensure matching of the computed pressure from the mass balance 
with the computed pressure from the combustion process. 

The general picture sketched earlier was used to investigate, by means 
of numerically simulated combustion experiments, the effects of pressure 
coupling for the AP composite burning propellant considered earlier in 
this study and presented in Table 1. 

It is important to stress that the open-geometry configuration allows 
essentially only one source of dynamic effects, associated with the con- 
ductive thermal wave of the condensed phase. If a choked nozzle controls 
the chamber pressure, a second source of dynamic effects, associated with 
the mass flow, has to be taken into account for the interpretation of the 
dynamic behavior of the system. 

Numerical computations were performed to check the dynamic extinc- 
tion boundaries. Depressurization tests, similarly carried out for the open 
and confined geometries, are shown in Figs. 17a and 17b, respectively. 
These are typical results showing that dynamic extinction is easier to obtain 
for the confined rather than for the open geometry. Starting from the same 
initial pressure and using the same depressurization rate, the results pre- 
sented in Figs. 17 point out a limiting final pressure of 1 atm (open ge- 
ometry) and 4.5 atm (confined geometry) still allowing combustion. Ali of 
the cases investigated, which were performed with different perturbation 
laws, prove that the choked nozzle yields a greater sensitivity, to burning 
rate undershoots, of the burning propellant in the confined geometry, with 
respect to the open-geometry configuration. The dimensions of the com- 
bustion chamber may change the critical depressurization rate, but not the 
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Fig. 17a Open-geometry conflguration. Nondimensional surface temperature 
trend during a transient burning following a depressurization to 1.0 atm. 




Fig. 17b Confined-geometry configuration. Nondimensional surface temperature 
trend during a transient burning following a depressurization to 4.5 atm. 
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trend. The smaller the chamber, the larger the dynamic effects due to 
pressure coupling. 

Following this trend, it is reasonable to expect that the minimum steady 
operating pressure, for a rocket motor working under choked conditions, 
will be higher than the propellant PDL. This result was experimentally 
determined in Ref. 41. Indeed, under the operating condition of 0.2 atm, 
a steady solution of self-sustained oscillatory character was obtained for 
the open-geometry configuration. For the same operating pressure, the 
confined geometry configuration does not allow a steady burning solution: 
Extinction occurs after a long induction period. 

Numerical tests were then performed to investigate the region of L* 
instability. Such kind of instability, well known from an experimental point 
of view, occurs when the characteristic times of the burning propellant and 
combustor mass flow are of the same order of magnitude. This occurrence 
is connected with low burning rates of the propellant, that is, with low 
values of the motor operating pressure. Many tests were performed to 
detect possible oscillatory behavior; Fig. 18 shows a numerical test obtained 
for a depressurization from 1.9 to 1.8 atm. The self-sustained oscillatory 
character of the solution shows the capability of the proposed approach to 
investigate the L* type of instability, although some features in the obtained 
trends have to be investigated further. 

VII. Conclusions 

Mathematical models and numerical techniques have been described that 
can simulate steady states as well as combustion transients of solid pro- 
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Fig. 18 Confined-geometry configuration. Self-sustained oscillatory behavior 
following a depressurization from 1.9 to 1.8 atm. 
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pellants in different physical configurations. Most results were obtained 
assuming a semi-infinite condensed phase and a reference frame fixed to 
the burning surface. In this case, the problem presents fixed boundaries, 
and a scale transformation can be used to speed up calculations. Results 
from nonlinear stability analysis were also successfully verified as well as 
nonlinear frequency response for different sets of thermophysical prop- 
erties. 

Comparisons with experimental results concerning AP-based composite 
propellants were obtained in different situations (steady temperature pro- 
files, ignition transients, fast depressurizations) in which the same set of 
thermophysical properties were assumed. In particular, a nonlinear tem- 
perature dependence of composite propellant thermal conductivity is re- 
quired, in agreement with recently published 5 experimental data. Self- 
sustained oscillations near the pressure deflagration limit can be simulated 
with the same data set; however, predicted frequencies are lower than 
those experimentally detected, although the pressure range characterized 
by oscillatory combustion and the pressure deflagration limit can be cor- 
rectly reproduced. 

For DB propellants, successful numerical validations of predicted results 
from nonlinear stability analysis were presented. To model the super-rate 
burning of double-base propellants, a two-step consecutive mechanism was 
included. It was shown how intrinsic combustion stability and dynamic 
stability properties are affected by partitioning of the heat release between 
the two steps. 

When effects due to the finite thickness of the propellant need to be 
accounted for (i. e., energy losses through the propellant support), a frame 
of reference fixed to the laboratory has to be used, leading to a moving 
boundary problem. Although no comparisons with experimental data are 
provided, physically consistent results were obtained in terms of dynamic 
combustion and unburned layer thicknesses. 

With reference to an end-burning rocket motor, the classical pressure 
coupling problem was approached by assuming a choked nozzle. It was 
found that the burning stability in a confined-geometry configuration is 
weaker than the corresponding intrinsic burning stability. In the range of 
low operating pressure, the L* type of oscillatory behavior was detected. 

Future work will focus on multidimensional combustion modeling and 
fundamental processes of the gas phase (chemical kinetics). For DB pro- 
pellants, attention will be mainly devoted to understanding and modeling 
of super-rate burning, which is typical of catalyzed compositions. 
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Nomenclature 

A = acoustic admittance 

a = sonic velocity 

d = particle diameter 

e = base of natural logarithm 

/ = cyclic freguency 

/ = acoustic stability integral 

m = mass flux 

P = pressure 

P = amplitude of acoustic mode shape 

R = response function 

R N = nozzle response function 

r = propellant regression rate 

t = time 

u = velocity of gases leaving propellant combustion zone 

v = velocity 

a = time exponential coefficient 
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flow-turning coefficient 
particle damping coefficient 
structural damping coefficient 
specific heat ratio 
Doppler phase shift 
angular frequency 

Superscripts 

(i) = imaginary component 
(r) = real component 
(~) = mean or time-averaged value 
(') = oscillatory component 

Subscripts 

b = propellant burning surface 
PC = pressure-coupled 
VC = velocity-coupled 

I. Introduction and Definitions 

I N the development of any solid-propellant rocket motor, the dynamic 
combustion stability of the motor design must be evaluated. If the motor 
is stable, any random pressure perturbations that occur will dampen out. 
Conversely, if the motor is dynamically unstable, pressure perturbations 
can grow in amplitude, with potentially disastrous consequences, from 
exceeding the guidance and control limits of the vehicle to destroying the 
rocket motor. 

A small pressure disturbance varying sinusoidally in time inside a rocket 
chamber can be described as the real part of 

p = pe^t e °« 

If a > 0, the amplitude of the oscillations increases with time and is 
therefore unstable. If a < 0, the amplitude decreases with time, and the 
oscillations are stable. 
The exponential coefficient has been shown to have the general form 

a = /?W I PC + R% I vc + a FT + a PD + R$ I N + a ST 

where, by definition, the response functions relate fluctuations in the linear 
mass flux rate at the propellant burning surface to fluctuations in pressure 
(pressure coupling) and velocity (velocity coupling), 

_ m' b lm b _ m' b lm b 

«re - Fl p, Rvc- v7 _ 



a FT = 
(X PD = 

a ST = 

1 = 
0 = 
w = 



The acoustic velocity is 90 deg out of phase with pressure, and so, for 
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velocity coupling, it is the imaginary part of the response function that 
couples the flow of energy from combustion processes to the acoustic field. 

Evaluation of the integrals in the stability prediction requires the dis- 
tribution of the acoustic pressures and velocities over the propellant burn- 
ing surface and throughout the motor chamber, acoustic frequency, steady- 
state velocity distribution in the chamber, response functions for the com- 
bustion and nozzle, and particle-size distribution of condensed-phase 
combustion products. Analytical methods have been developed for esti- 
mating the mean flow and acoustic behavior in the rocket chamber, but 
satisfactory methods have not yet been developed for predicting either the 
response of the propellant combustion to pressure and velocity oscillations 
or particle-size distributions. Hence, a series of laboratory test methods 
have been explored for obtaining the necessary data. 

Most of the dynamic response test devices that have been developed are 
used to determine the acoustic admittance of the propellant burning sur- 
face. It is defined as the proportionality relationship between the velocity 
of the gases leaving the propellant combustion zone and fluctuations in 
pressure and velocity, 

u'/a _ u'/a 

Apc ~ PV^P Avc ~ Vla 

The response function and acoustic admittance are related by a mass 
balance at the propellant burning surface, 

A b + M b = yM b R b 

where M b is the mean Mach number of the gases leaving the burning 
surface. 

Experimental methods for measuring the combustion stability properties 
of solid propellants (i. e., the propellant acoustic admittance or response 
function) are categorized by the nature of the exciting disturbance, acoustic 
pressure oscillations or acoustic velocity oscillations, and have been studied 
in detail. Two basic approaches have been used, one using the temporal 
response to an initial disturbance, and the other using external methods 
for generating the desired oscillations. This paper presents an overview of 
these methods and their current state of development, a brief description 
of the techniques that have been used for characterizing the size distribution 
of condensed-phase combustion products, and conclusions as to current 
problem areas and where future work needs to be directed. 

II. Pressure-Coupled Response Measurements 

Pressure-coupled admittance measurements are made in the T-burner, 
rotating valve, impedance tube, microwave burner, and magnetic flow- 
meter. At higher frequencies (above 3-5 kHz), the slot-vent T-burner, 
which is an alternative design for the T-burner, the magnetic flowmeter, 
and a modulated throat-acoustic damping burner (analogous to a pulsed 
T-burner) are used. The following sections present an overview of these 
methods and their current state of development. It should be noted that 



(&AIAA 

ifoVhWiftiaBhriinfBntmimty Purchased from American Institut» of Aeronautics and Astronautics 

692 L. D. STRAND AND R. S. BROWN 

many of these burners were reviewed 10 years ago, and the reader is 
referred to Ref . 1 for a more detailed discussion. Reference 2 also contains 
a summary of methods for the measurement of combustion response 
functions. 



A. T-Burner 

The T-burner was the first of these test methods to be evaluated 3 ~ 5 ; the 
first one having been built 30 years ago. As such, it has been the most 
widely used test method, and considerable effort has been directed to define 
its behavior. 6 ' 7 Its simplest form is shown in Fig. 1. Propellant disks are 
mounted at each end of the metal tube, which typically is between one- 
third meter to several meters in length and three to several centimeters in 
diameter. The propellant combustion products exhaust through a vent, the 
leg of the "T." In this configuration, selected to maximize excitation of 
the fundamental longitudinal mode, the maximum acoustic pressure is 
located at the propellant surfaces. 

The end-burning configuration was the first method used for quantitative 
testing and has been used successfully for a wide variety of non-metal- 
containing propellants. Test techniques and data-reduction procedures are 
well developed. 6 When oscillatory pressure growth occurs spontaneously, 
this configuration can be used for routine propellant testing. Matters are 
considerably more difficult when propellants containing metals such as 
aluminum are tested. The condensed products of combustion (such as 
aluminum oxide, A1 2 0 3 ) are distributed throughout the volume of the 
burner and cause large losses of acoustic energy. For propellants containing 
large amounts of aluminum, these losses may be sufficient to prevent spon- 
taneous growth of oscillations in the simple end-burner configuration. Two 
approaches have been developed to overcome this limitation 7 : one is based 
on multiple tests using propellant samples having different surface areas 8 ' 9 ; 
the other is based on observing the decay of oscillations following a pulse 
disturbance. 10,11 These two approaches are often called the "variable-area 
method" and "pulsing during burning and after burning" (DB/AB pulsing), 
respectively. The corresponding devices are commonly referred to as the 



PROPELLANT- 



0- 



PROPELLANT 



PRESSURE 
GAUGE 



7^ ^ 



-® 



VACUUM 



CONSTANT PRESSURE 
TANKS 



N 2 SUPPLY 



Fig. 1 Basic T-burner. 3 
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"variable-area T-burner" (VATB) and the "pulsed T-burner," respec- 
tively. These two approaches are generally used in conjunction with one 
another to improve the accuracy of both the combustion response function 
and the particle damping measurements. 12,13 

The T-burner method is the one most extensively used and evaluated, 6 - 7 
requiring relatively simple auxiliary instrumentation for conventional use. 
Determining the combustion admittance involves a stability calculation for 
the burner (an estimate of the acoustic energy losses), and the accuracy 
of the derived admittance is no better than the stability analysis used. 
Although the simple end-burner configuration facilitates stability analysis, 
significant remaining sources of error often limit accuracy. 6 - 7 These errors 
have been the subject of extensive study, 14-17 and the prescribed methods 
should be followed to assure the best accuracy (number of tests, processing 
of data, etc). The T-burner is often used in studies of the effect of sys- 
tematic changes in propellant formulation. 18-20 In such studies, the sources 
of uncertainty in measured response are often unaffected by the propellant 
variables, so that comparative results are much more significant than ab- 
solute results; i. e., the tests can be a good basis for ranking stability of 
propellants. 

Several studies 21-23 have been conducted to increase the upper frequency 
limit of the T-burner by shortening the length of the burner. The width of 
the center vent must then be decreased to minimize the acoustic losses and 
thereby maintain the fundamental advantage of the T-burner; hence the 
term "slot-vent T-burner." These studies have incorporated both the "growth- 
decay" approach and the combined pulse/variable-area approach. Both 
approaches show a good potential for comparison propellant testing. 24 
although further development of each approach is required to improve 
reproducibility and to refine the data-analysis procedures. 



B. Rotating-Valve Apparatus 

The rotating-valve apparatus (Fig. 2) is an alternative laboratory method 
for measuring the pressure-coupled admittance. 25 - 26 In this method, pres- 
sure oscillations are generated by adding a small oscillating component to 
the nozzle area in a small laboratory motor. The modulations are generated 
in the low-frequency "bulk" mode, much less than the lowest acoustic 
mode of the burner, so that spatial variations of the acoustic pressure are 
negligible. The amplitude and phase angle of the pressure oscillations rel- 
ative to the area oscillations are measured, and the response function is 
then derived using these parameters in a transient ballistics analysis of the 
motor. 

Tests at Chemical Systems Division of United Technologies Corporation 27 
and the Air Force Astronautics Laboratory 28 have shown that, with proper 
care, consistent and repeatable results can be obtained. Furthermore, the 
derived response functions compare favorably with those measured in T- 
burners (Fig. 3) and in the microwave burner (Fig. 4). An error analysis 
shows that the response function is particularly sensitive to errors in the 
phase-angle measurement. But this difficulty is offset by a substantial re- 
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Fig. 3 Measured values of the pressure-coupled response as a function of 
frequency, as obtained by the T-burner and rotating-valve burner. 26 



duction in the number of tests required to characterize a propellant, com- 
pared to a variable-area T-burner. 

Barrere and co-workers 29-31 have independently developed an apparatus 
for measuring pressure response based on the same approach. An end- 
burning grain is used in place of the side-burning grain in the rotating- 
valve apparatus to eliminate possibly velocity effects. A wheel with square 
teeth is used to modulate the exhaust and provide steady-state pressure 
control. This apparatus is shown schematically in Fig. 5. The instantaneous 
valve area is determined by a light-sensor-source method rather than the 
auxiliary chamber approach used in the rotating valve. Tests have been 
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Fig. 4 Comparison of response function real component vs frequency test results 



for rotating-valve and microwave burners. 




Fig. 5 ONERA modulated throat motor. 1 



made under cold-flow and combustion conditions, with excellent re- 
sults. 29,30 These studies also demonstrated excellent agreement with re- 
sponse functions measured using the T-burner method (Fig. 6). 

C. Impedance Tube 

Another approach that has been explored to measure the pressure-cou- 
pled admittance is the impedance tube (Fig. 7). 32-35 In this method, pro- 
pellant is placed at one end of a tube, and pressure oscillations are generated 
by an acoustic driver well downstream of the burning propellant. The 
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Fig. 6 Comparisons of the response functions measured with the modulated 
exhaust motor and the T-burner (T-burner results courtesy of SNPE). 



amplitude and phase distributions of the acoustic mode are measured using 
acoustic pressure transducers along the length of the tube. These distri- 
butions are then used to determine the propellant admittance, with the aid 
of a sophisticated computer program specifically developed for this pur- 
pose. 34,35 The accuracy of the derived admittance depends heavily on ac- 
curately measuring the mode shape near the pressure nodes. This requirement 
forces the use of high-sensitivity microphones, which requires enclosing 
the apparatus in a pressurized tank. Corrections for gas-phase losses and 
heat losses to the burner walls have been developed and are included in 
the computerized data-reduction procedure. When aluminized propellants 
are substituted for nonaluminized propellants, additional data-analysis cor- 
rections are required to account for particle damping. Current use of this 
method is confined to one laboratory. More recently, the technique has 
been modified to obtain the propellant admittance from phase measure- 
ment alone, which has led to significant improvements in the accuracy of 
the technique. 36 

D. Modulated Throat-Acoustic Damping Burner 

A test technique developed by Kuentzmann and co-workers 17,37 , com- 
bines two simple ideas: 1) destablizing a small motor by mechanical means 
(intermittent modulation of the throat) and 2) using the damping of the 
resulting pressure oscillations to determine the propellant combustion re- 
sponse. A naturally stable, cylindrical grain motor is periodically pulsed 
by a partially toothed wheel rotating in front of the converging nozzle (Fig. 
8). The motor is excited in the vicinity of its fundamental longitudinal 
mode (7-10 kHz) and dampens naturally after the three-toothed element 
passes in front of the nozzle (Fig. 9). Since the burner is repetitively desta- 
bilized as the wheel rotates, a large number of data points can be acquired 
during a given test. The natural frequency of the burner increases ap- 
proximately linearly with burn time, as the combustion heat loss to the 
burner hardware diminishes. This allows data over a range of frequencies 
to be obtained in a single test. 
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Fig. 9 Example of triggered oscillations. 



The experimental data, determined over the duration of the test, consist 
of the mean pressure, pressure oscillation frequency, and damping coef- 
ficient, from which the real and imaginary components of the pressure- 
coupled combustion response vs frequency are deduced. The results ob- 
tained to date are encouraging, but further experience is needed to verify 
and refine the method of interpretation of the experimental data. 



E. Microwave Burner 

Additional laboratory techniques for measuring the pressure-coupled 
combustion response of solid propellants are under development. 38-43 Pre- 
viously described techniques require an analysis of the unsteady gasdy- 
namics diiring combustion in order to relate the propellant response function 
to the measured pressure. Consequently, the deduced propellant response 
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is only as accurate as the assumed model of the physical processes occurring 
within the combustion chamber. 

In one newer technique, the microwave burner (Fig. 10), a microwave 
signal propagates through a propellant strand bonded in a circular tube 
(propellant-filled waveguide) and is reflected from the propellant burning- 
surface/gaseous-zone interface (Fig. 11). The Doppler phase shift of the 
reflected signal is continuously measured and, from this shift, the transient 
regression rate of the burning propellant surface is obtained. The propel- 
lant-filled waveguide connects to a small burner chamber that is pressurized 
in an oscillatory manner with nitrogen via a rotary valve. The measured 
mean and oscillatory components of the propellant regression rate and 
chamber pressure and the phase relationship between the two oscillatory 
components yield the real and imaginary components of the pressure- 
coupled response function. 

Possible system and test limitations that might lead to erroneous mea- 
surements are roughness of the propellant burning surface, propellant com- 
pressibility, transient-flame-zone ionization level, and test system vibra- 
tion. The last source of error was the only observable effect, and the latest 
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Fig. 11 Microwave regression-rate measurement technique. 
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test systems have been designed to minimize vibrations. 38,39 To maintain 
an adequate test signal-to-noise ratio, the magnitude of the required phase 
resolution becomes smaller with increasing frequency (shorter period for 
propellant regression) and decreasing pressure amplitude, the latter also 
decreasing with increasing frequency as a result of transient flow effects. 
The resolution of the phase-shift measurement system, together with the 
performance of the oscillatory pressurization system (rotary valve) , there- 
fore determines the upper frequency limit of the test technique. Extensive 
testing with the most recent version 39 - 40 indicates a usable frequency range 
of up to about 1 kHz. 

A microwave-network-analysis computer program was used to simulate 
the microwave network and to evaluate the effect of the changing condi- 
tions within the network on the perceived burn rate of the propellant. 40 
This program demonstrated that the varying conditions within the micro- 
wave waveguide affect the microwave signal strength and the manner in 
which the signal is reflected. The results demonstrate the need to under- 
stand thoroughly the microwave measurement system before accurate data 
can be obtained. 

Real and imaginary components of the response function, measured by 
Strand, have been analyzed for consistency by Becker and Orr at the 
University of Dayton Research Institute using the Hilbert transform ap- 
proach of Becker et al. 44 The analysis suggests that these data are not 
consistent. The possibility of basic problems exists because the device mea- 
sures length. What is the length of a stick with rough ends? This question 
is important because the distance-change resolution required has the same 
magnitude as the surface roughness. Since surface roughness is coupled to 
deflagration, the contribution would also be expected to vary in some phase 
relation to pressure oscillations. If the microwaves, which measure the 
root-mean-square surface, do not average the surface roughness in the 
correct way, the error will be confounded with the R p measurement. 

F. Magnetic Flowmeter 

A second developmental technique for directly measuring the propellant 
admittance function uses a magnetic flowmeter (Fig. 12) to measure the 
oscillatory velocity of the gases emanating from a burning propellant sur- 
face contained within an externally excited combustion chamber. The method 
is theoretically capable of measurements into the high-frequency range 
observed in tangential-mode motor instability (2-10 kHz). 

The magnetic flowmeter utilizes Faraday's law to generate an electrical 
potential proportional to the flow velocity by moving a conductor relative 
to a magnetic field. A highly ionized flow could allow magnetohydrody- 
namic forces to distort the velocity profile. The lower limit for conductivity 
is approximately 10 ~ 3 mho/m, below which the resistance is as large as 
that of the other voltage-measuring devices. It has been demonstrated that 
the conductivity within a solid-propellant combustion chamber is within 
these limits. 41 

The combustion chamber is located within the field of a large permanent 
magnet. Two electrodes within the burner detect the electrical potential 



(&AIAA 

faVhU^hniahriinfBmkmlmfy Purchased from American Institute of Aeronautics and Astronautics 

LABORATORY TEST METHODS 701 
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Fig. 12 Magnetic flowmeter burner. 



produced as the propellant burns past the two probes. The pressure within 
the burner is modulated by chopping the sonic exhaust through the nozzle 
with a wheel driven by a variable-speed motor. The signals from the flow- 
meter electrodes and a pressure transducer are analyzed by a vector volt- 
meter lock-in amplifier referenced to the pressure signal. The magnitudes 
of the velocity oscillations in and out of phase with the pressure oscillation 
yield the real and imaginary parts of the propellant admittance function 
as a function of height above the propellant surface. A complete system 
has been designed, built, and cold-flow-tested, 42 and propellant testing has 
been initiated. 43 The test results to date are repeatable and of the right 
order of magnitude. The technique has proved capable of measuring pres- 
sure-coupled admittances at frequencies higher than those attainable in 
most other admittance- or response-measuring devices and is now being 
applied to lower frequencies. 45 Figure 13 compares some measured re- 
sponses with results obtained using the pulsed-T-burner method. 46 

G. Comparison of Methods 

A comparison of all of these test methods, except the modulated throat- 
acoustic damping burner, was the subject of a recent JANNAF Work- 
shop. 47 The workshop participants concluded that the T-burner has the 
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Fig. 13 Measured values of the real part of the pressure-coupled response as a 
function of frequency as obtained by the pulsed T-burner and magnetic flow- 
meter burner. Composite, AP/HTPB propellant, NWR-11; o, Pulsed T-burner 46 ; 
A, magnetic flowmeter burner. 45 



greatest background and experience, having been set up and operated at 
many different laboratories. However, uncertainties and limitations exist 
(e. g., the inability to measure the imaginary part of the pressure-coupled 
response). Other test devices offer the ability to make these additional 
measurements with potentially greater accuracy and ease of operation; 
however, further work is needed to gain confidence with these alternative 
devices. For example, Crump, of the Naval Weapons Center, compared 
in Fig. 14 the measured pressured-coupled response values (real part) vs 
frequency for the metallized composite propellant TP-H8288, Mix G-92 at 
2. 1 MPa (300 psi) pressure obtained by the pulsed-T-burner, rotating-valve, 
and microwave-burner techniques. This comparison shows discrepancies 
in measured values of the pressure-coupled response greater than a factor 
of 2 between different devices. Similar comparisons with the impedance- 
tube technique would be helpful. It was concluded that sufficient knowl- 
edge of the effect of distributed combustion in the several methods is not 
available and needs to be investigated before these discrepancies can be 
resolved. Table 1, updating an earlier tabulation 2 of operational infor- 
mation, lists the ranges of operation obained for each test method along 
with consensus-derived summary comments on each. 

III. Velocity-Coupled Response Measurements 

Dynamic combustion studies have shown that velocity oscillations par- 
allel to the burning surface can also couple with the burning propellant to 
produce significant acoustic-energy gains or losses. These early studies 
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suggested that the acoustic velocity might couple with combustion but did 
not quantitatively define the processes involved. Velocity-coupled admit- 
tance measurements have been attempted using a modified T-burner, a 
dual-rotating valve, a velocity-coupled impedance tube, and a magnetic 
flowmeter. More recently, cold-flow studies in a simulated rocket motor 
have suggested that many aspects of these computational schemes may be 
incorrect. 48 Therefore, this aspect of the combustion-stability problem is 
poorly understood and subject to great uncertainty. 

A. T-Burner 

Several investigations 49 ^ 51 have considered methods for adapting the T- 
burner for velocity-coupling measurements (Fig. 15). Acoustic analyses 
suggested that the maximum velocity coupling in the T-burner occurs at 
the L/4 (and 3 L/4) points along the burner tubes. Thus, positioning pro- 
pellant samples at these locations should produce the maximum velocity- 
coupled responses. The experimental approach is very similar to the var- 
iable-area method for pressure-coupled response measurements. The lengths 
of the propellant samples at the L/4 and 3L/4 positions are varied, and the 
effect of propellant surface on the exponential growth or decay rate of 
oscillations is observed. 

Beckstead and Butcher 50 and Micheli 51 have proposed methods of de- 
riving velocity-coupled response functions from test data. These methods 
are more complicated than the pressure-coupled case because the test 
samples respond to both pressure and velocity oscillations. Analyses show 
that these pressure-coupled effects, and possibly other contributions, are 
significant and must be considered in the data interpretations. In addition, 
Micheli's method needs independent information on the pressure response 
to account for these contributions. Furthermore, additional experimental 
difficulties were found that do not arise in the pressure-coupled T-burner. 
These difficulties result from the generation of harmonic frequencies during 
the tests, thereby raising the question of nonlinear contributions that add 
complications to the data processing. 

Beckstead and Butcher 50 and Micheli 51 explored methods to improve 
the data-reduction process and to modify the basic test configuration to 
improve data quality. The location of the test sample was found to influence 
the harmonic generation. Tests were conducted with the grains located 
separately at the L/4 and 3L/4 points. Sonic and subsonic end vents were 
explored as replacements for the subsonic center vent. These efforts pro- 
duced improvements in the quality of the results; however, not all of the 
difficulties have been reduced to an acceptable level. The net result is that 
large uncertainties still exist in the velocity response functions derived from 
these test procedures. 

B. Dual-Rotating- Valve Apparatus 

Consideration has been given to adapting the driver burner approach to 
measure velocity-coupled response functions. 52 53 The basic approach (Fig. 
16) is to attach two valves or drivers to the combustion chamber, one at 
each end. By operating the two valves 180 deg out of phase, velocity 
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oscillations of controlled amplitude and frequency can be generated. Fur- 
thermore, by operating in the low-frequency bulk mode, the effects of 
concurrent pressure coupling and particle damping (for aluminized pro- 
pellants) can be reduced substantially. 

Early experiments by Eisel and Dehority 54 suggested the utility of the 
approach and demonstrated the basic concepts. Radiation measurements 
were made to explore the qualitative characteristics of the velocity re- 
sponse. More recently, an attempt was made to quantitatively measure the 
velocity response function. 52 - 53 Although some progress was made, further 
studies are needed to improve the reproducibility of the data. Further- 
more, this method, like the T-burner, is an indirect approach and requires 
a dynamic ballistics model to interpret the data. In view of the large un- 
certainty in the basic modeling of the velocity-coupling process, further 
development of this test method must await a better understanding of the 
basic velocity-coupling mechanisms. 

C. Impedance Tube 

More recently, the impedance tube has also been modified to determine 
the velocity-coupled response functions of solid propellants. 36,55 One pro- 
pellant sample is placed at one end of the tube, and additional propellant 
samples are placed along the sidewalls of the tube at some distance down- 
stream of the end sample (Fig. 17). A stepper motor advances these latter 
samples so that they remain flush with the tube walls during the test. As 
in the pressure-coupled experiment, an acoustic driver is used to excite a 
standing acoustic oscillation in the tube. The data-reduction procedure is 
based on the assumption that the end propellant sample responds only to 
pressure oscillations, whereas the sidewall propellant samples respond to 
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Fig. 17 Velocity-coupled impedance tube. 



both pressure and velocity oscillations. The standing-wave phase angles, 
measured at several axial locations along the length of the tube, are used 
to determine the velocity-coupled response function of the sidewall samples 
using a newly developed data-reduction computer program. 36,55 

Whereas the test results indicated that the propellant burn rate did re- 
spond to velocity oscillations parallel to the propellant surface, the data 
clearly showed that the same propellant samples possess different velocity- 
coupled response functions when positioned at different locations along a 
standing acoustic wave. Consequently, it was concluded that the velocity- 
coupled response function cannot, in general, be regarded as a propellant 
property and that, again, the nature of this response is currently not under- 
stood. 

D. Magnetic Flowmeter 

An attempt is being made to measure velocity-coupled response directly 
by the magnetic flowmeter technique, 45,56 using the experimental apparatus 
shown schematically in Fig. 18. The combustion chamber (A) is designed 
to measure simultaneously and directly the cross-flow oscillatory velocity 
(V') and the mass-flow oscillatory velocity([/' 6 ) of the solid-propellant 
combustion at the center of the chamber, the location of the acoustic 
antinode, where the maximum acoustic velocity and minimum acoustic 
pressure oscillations are generated by the nozzle modulation gear (D). 

The real and imaginary components of the velocity-coupled admittance, 
defined as the ratio of the mass-flow to the cross-flow oscillatory velocities, 
were measured at frequencies ranging between approximately 25% below 
and above the chamber fundamental longitude acoustic resonance (8.5- 
14.5 kHz) and under nonresonant, bulk-mode oscillation conditions (3- 
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Fig. 18 Experimental apparatus to measure solid-propellant velocity-coupled 
admittances, showing A, combustion chamber; B, permancnt magnet; C, enlarged 
view of propellant slab orientation and placement of two pairs of velocity- 
measuring electrodes; and D, nozzle modulation gear. 45 

3.84 kHz). The admittance results, as a function of height above the burn- 
ing propellant surface, showed similar run-to-run trends at the same mod- 
ulation frequency, such as the position of peaks and valleys and slopes, 
but wide variations in the actual magnitudes of these trends. Trends with 
variation in the modulation frequency were more vague. The results af- 
firmed the dependence of the velocity-coupled admittance on the spatial 
position in the flowfield. 

IV. Particle-Size Distribution of Condensed-Phase Combustion Products 

Particle damping of acoustic waves is an important mechanism in the 
reduction or suppression of combustion instability in rocket motors. The 
magnitude of the damping depends strongly on the mass fraction of par- 
ticulates in the gas and on their size distribution (the higher the frequency 
of instability, the smaller the particle size for effective damping 2 57 ). For 
solid propellants containing metal fuel additives such as aluminum, most 
of the particulates generated during combustion consist of oxides of the 
metal. Because the combustion of metals such as aluminum usually involves 
more than one combustion mechanism (see Ref. 58 for a thorough de- 
scription), the particulates generated have a wide size distribution. Studies 
have been conducted both to characterize the particulate products, using 
a variety of collection and size-analysis techniques, and to identify methods 
for influencing the metal combustion in such a way as to yield particulates 
of a desirable size in the combustion gases (the latter being outside the 
scope of this chapter). 

Propellants have been fired in a variety of different burners, after which 
the collected material was analyzed. In some studies, 59 61 the residue col- 
lected from T-burners after firing was size-analyzed. Because of the wide 
range in size, the particulate material has to be separated into two or more 
size fractions, which are analyzed individually (Fig. 19), using techniques 
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DIAMETER d[/jm) 

Fig. 19 Cumulative mass distributions of subfractions ( ) and of recombined 

subfractions ( ) of combustion residue particles. 60 



appropriate for the particular size fraction (reviewed in Ref. 62). The size 
data were used to calculate damping coefficients. The calculated values 
were compared with the measured values from the T-burner firings, with 
excellent agreement (Fig. 20), providing validation of the ability to cal- 
culate acoustic damping losses when the concentration and distribution in 
size of the particulate products are known. 

Three other studies 63-65 utilized quench particle collection bombs (QPCB), 
as shown in Fig. 21, based on a similar apparatus developed by Belyaev 
et al. 66 The QPCB is essentially a liquid-quench device consisting of a high- 
pressure chamber with an inner rotating cylinder wali on which a film of 
liquid (alcohol) is formed by the centrifugal force of the rotation. The 
propellant sample is fixed at a position such that it faces the moving wali 
of liquid. As the sample burns at the desired pressure, the hot particles 
enter the liquid alcohol, where they are quenched and retained. After the 
test, the particles are carefully removed from the collection bomb by a 
series of rinsings, separated from the rinse liquid by centrifuging, dried, 
and, finally, analyzed for size and composition using various methods. 

When the particle size and composition data generated in a quench bomb 
are used to predict the response of propellant in a full-sized motor, any 
sources of error must be quantified. In Ref. 65, several possible sources 
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400 



CALCULATED DAMPING (SEC~ 



Fig. 20 Measured vs calculated damping for aluminized propeilants A and B (•) 
and for propeilants C, D, E, and F, which were loaded with aluminum oxide 
particles (O). 61 



of error were investigated in determining the particle-size distribution of 
the aluminum oxide produced by aluminum-containing propeilants: 

1) Lost residue: Fine particles are lost because of 

a) Venting of the high-pressure gas that contains suspended particles 
after combustion is complete. It was concluded that the particles lost due 
to venting have roughly the same particle-size distribution as the small 
particles collected in the quench liquid. 

b) Reaction of unburned aluminum with the quench liquid. None of 
the three quench liquids investigated (50:50 blend of acetone/water buff- 
ered with ammonium acetate, isopropyl alcohol, and butyl alcohol) showed 
any evidence of reaction with the unburned aluminum. 

2) Incomplete combustion: The short residence time before quench in 
the QPCB, compared to rocket motor residence times, may be insufficient 
to allow complete combustion of the aluminum (especially at lower pres- 
sures). This was found to be a measurable effect, and an attempt was made 
to account for it in Ref. 67. 
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Fig. 21 Quenched-particle collection burner. 



3) Nonsimilitude: The flowfield between the combustion and quench 
surfaces is very different— chemically, geometrically, and thermally— from 
that in the rocket motor. This was judged to be relatively unimportant 
because 1) most combustion occurs near the propellant surface, where 
nonsimilitudes have not yet been encountered, and 2) flow acceleration is 
small in both the QPCB and rocket motor. 

4) Shrinkage at quench: Because of differing bulk densities of the alu- 
minum oxide at the combustion and liquid-quench temperatures, quench- 
ing could reduce the particle volume by about half (and the measured 
particle diameter by about 25%) compared to the motor environment. 
Evidence from examination of quenched particles suggested that the quench 
occurs so fast that the surface of the particle freezes at its hot diameter, 
and the reduced density is accounted for by shrinkage of the interior. 

The QPCB has been characterized to the point at which the experimental 
procedures are relatively well defined and the data can be utilized with 
confidence in rocket motor stability predictions. 
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V. Conclusions and Future Developments 

A. Conclusions 

The pressure-coupled driving and particle damping contributions to the 
combustion-stability analysis of a solid-propellant rocket motor are con- 
sidered well understood. Considerable effort has been directed to the de- 
velopment of experimental methods for measuring the pressure-coupled 
response characteristics of solid propellants. The T-burner approach has 
some uncertainties and limitations, but it has been extensively utilized and 
evaluated, and test techniques and data-reduction procedures are well de- 
veloped. Other test devices offer the ability to make these measurements 
with potentially greater accuracy and ease of operation; however, repro- 
ducibility has been difficult to achieve in some cases, the total cost of many 
of the test systems is significant, and the detailed techniques used in op- 
erating most of these test methods are constantly evolving. Hence, each 
investigator and laboratory must decide individually which methods to use 
for its particular purposes. 

It was the consensus of the recent JANNAF workshop on velocity 
coupling 68 that the mechanisms involved in the coupling between acoustic 
velocity perturbations and the propellant combustion response are not well 
understood and that the velocity-coupling models in motor-stability pre- 
diction analyses are simplistic. Although velocity-coupled responses have 
been derived from laboratory burners and acoustic models of the particular 
experiment, the means by which the interactions between acoustic velocity 
oscillations and burning propellant may be measured or simulated using 
subscale laboratory burners is still unknown. Further development of such 
test methods must therefore await better understanding of the basic ve- 
locity-coupling mechanisms. 

B. Future Work 

The subject of where future research on pressure coupling should be 
concentrated was discussed in the Ref. 47 workshop report, and the fol- 
lowing consensus items are quoted from that report: 

1) A better understanding of distributed combustion is needed. In par- 
ticular the following questions should be addressed: 

a) How does distributed combustion act in actual rocket motors? 

b) How does one measure distributed combustion and its effects? 

2) More direct measurements of the unsteady gas velocities above the 
burning propellant surface are needed. These measurements can now 
be obtained by — 

a) Magnetic Flowmeter Burner 

b) Laser Doppler Velocimetry 

3) Research should strive with the various devices to be able to obtain 
multiple frequencies or pressures per test. This would dramatically 
reduce the costs of conducting propellant response measurements. 

4) There are very little data on propellant responses measured by several 
different devices. In particular, data are needed for — 

a) Aluminized propellants at low frequencies. 
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b) Nonaluminized propellants at high frequencies. 

c) Ali propellants at high pressure [>14 MPa (2000 Psia)]. 

5) There is a need for reference propellants to be made available for 
comparison testing in the various available devices. . . . 

6) The question needs to be addressed as to whether a propellant pressure- 
coupled response is flow-dependent. Flow dependencies are included 
in various models, but no experiments currently exist which can prove 
or disprove such models. 

Research is currently being carried out addressing the question "What 
is velocity coupling?" or, more specifically, "What mechanisms are in- 
volved in the coupling of acoustic velocity perturbations to the surface 
influencing the combustion response of solid propellant?" 68 A better 
knowledge of the physical mechanisms involved is necessary before we can 
answer the question of whether the interactions between acoustic oscilla- 
tions and the propellant response to these oscillations can be simulated in 
laboratory-scale burners. 
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Prediction of the Stability of Unsteady Motions 
in Solid-Propellant Rocket Motors 

F. E. C. Culick* 

California Institute of Technology, Pasadena, California 

and 
V. Yangt 

Pennsylvania State University, University Park, Pennsylvania 



Nomenclature 



a 




speed of sound, Eq. (23) 




A b 




defined in Eq. (92b) 




A n 




defined in Eq. (58) 




■A n i j 




defined in Eq. (75) 




B n 




defined in Eq. (58) 




B nij 




defined in Eq. (75) 




C 




specific heat of particle material 




c 




mass fraction of particles, C m = 




c P 




mass-averaged specific heat, Eq. 


(20) 


c v 




mass-averaged specific heat, Eq. (20) 


D m 




defined in Eq. (75) 




<?o 




stagnation energy, gas phase 




F 2 




defined in Eq. (47b) 








defined in Eq. (75) 




{%) 




time-averaged energy 




f 




defined in Eq. (42) 




/i 




defined in Eq. (52b) 
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F„ = defined in Eq. (49) 

F p = force of interaction, Eq. (13) 

SF„ = defined in Eq. (18a) 

9? = defined in Eq. (28) 

= defined in Eq. (36b) 
h = defined in Eq. (40) 
h x = defined in Eq. (52a) 
k = complex wave number, (w - ia)/a 
k t = wave number, wja 
K = defined in Eq. (142) 
m b 8) = mass flux of gas inward 
ra^ = mass flux of particles inward 

M b = average Mach number of flow at the propellant surface 

p = pressure 

S? = defined in Eq. (29) 

<3> ls = defined in Eq. (36c) 

Q = energy addition (energy/vol-s) 

Q p = energy transfer, Eq. (14) 

&Q P = defined in Eq. (18b) 

R = mass-averaged gas constant, Eq. (22) 

R b = defined in Eq. (92a) 

r„ = defined in Eq. (58) 

S c = cross-sectional area 

T = temperature 

Af s = defined in Eq. (90) 

u = velocity 

w p = mass source (mass/vol-s), Eq. (7) 

'W = defined in Eq. (27) 

W ls = defined in Eq. (36a) 

X 1 = defined in Eq. (124a) 

X 2 = defined in Eq (124b) 

a = growth constant 

a c = defined in Eq. (99) 

a FT = defined in Eq. (151) 

a N = defined in Eq. (100) 

a P = defined in Eq. (125a) 

7 = ratio of specific heats 

t\ n = time-dependent amplitude, Eq. (58) 

k p = thermal diffusivity of propellant 

K = defined in Eq. (95) 

(x = viscosity 

v = kinematic viscosity 

p = density (mass/vol) 

a = defined in Eq. (15) 

a = particle diameter 

r d = defined in Eq. (122a) 

t, = defined in Eq. (122b) 

4>„ = defined in Eq. (58) 
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i]/„ = classical mode shape 

w = frequency 

w„ = classical acoustic frequency 
Subscripts 

g = gas properties. 

p = particle properties 

1 = one-dimensional values 

5 = evaluated at the burning surface 

Superscripts 

(") = mass-averaged or time-averaged property 

( )' = fluctuation 

(") = complex amplitude 



I. Introduction 

THE phenomena called "combustion instabilities" in a solid rocket mo- 
tor may be viewed as the unsteady motions of a dynamic system capable 
of sustaining oscillations over a broad range of frequencies. Energy is 
supplied by combustion processes confined chiefly to thin regions near the 
surface of the burning propellant. Interactions between the unsteady mo- 
tions and the burning convert a small fraction of the heat released by 
combustion to potential and kinetic energy of the gases within the chamber. 

It is somewhat misleading that the term combustion instability has be- 
come Standard. The presence of an instability in any combustion chamber 
is established by observing either the behavior of the gas pressure or ac- 
celerations of the enclosure, and occasionally both. Combustion itself is 
not unstable except possibly in some cases when explosion ensues or in 
some instances of extinction. An instability arises because of the coupling 
between the burning processes and the gasdynamic motions, both of which 
alone may be stable. 

An observer perceives an unstable motion as "self-excited": the ampli- 
tude of the pressure fluctuation grows out of the noise without benefit of 
any external influence. Hence, the theory of these phenomena belongs to 
the general theory of self-excited dynamic systems. The prevalence of 
instabilities in combustion systems is due primarily to two fundamental 
causes: 

1) The energy required to generate an unacceptably large amplitude of 
unsteady motion is a negligibly small part of the energy available and 
released in combustion of the reactants. 

2) Combustion chambers are almost entirely closed, and the internal 
processes tending to attenuate unsteady motions are weak. 

These causes are present in any combustion chamber but are especially 
consequential for solid-propellant rockets in which the energy release per 
unit volume (or surface area) is extremely high. Two conclusions are im- 
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mediate: 1) the possibility of instabilities must be recognized and antici- 
pated from the beginning of a development program, and 2) the occurrence 
of an instability in a motor is not necessarily the result of stupidity or of 
maladroit design procedures. Occurrence of the problem must be regarded 
as part of the price for the development of a new system. 

It is therefore essential that theory be constructed to provide a basis for 
analyzing and predicting unsteady motions in combustion chambers. The 
phenomena to be treated are extremely complicated, involving nonlinear 
gasdynamics and the combustion of chemical systems that cannot theoret- 
ically be described in all necessary detail. Hence, we must be guided at all 
stages by observational results. The theory is substantially a vehicle for 
organizing and interpreting experimental results. It is not possible to predict 
accurately the occurrence of instabilities from first principles. Nevertheless, 
with judicious melding of theory, measurements, and observations, we can 
construct a framework that provides the basis both for understanding the 
general behavior and for formulating simple statements succinctly sum- 
marizing the general characteristics. For practical purposes, achievements 
of the theory consist mainly in the ability to analyze, understand, and 
predict trends of behavior. The influences of geometric characteristics and 
combustion processes can be assessed but, in any event, some experimental 
data are required to provide quantitative results. 

We may distinguish two sorts of theoretical work: analytical and nu- 
merical. By "numerical" we mean results obtained by numerical solution 
of the partial differential equations governing the behavior of the system. 
At present, it is not possible to progress with exact formal analysis of those 
equations; "analytical" therefore implies some sort of approximate method. 

Numerical methods have the disadvantage that, even when dimensionless 
variables are used, only restricted results can be obtained. It is therefore 
tedious and expensive to discover general trends of behavior or summarize 
qualitative features. On the other hand, approximate analytical methods 
carry with them inaccuracies that cannot usually be estimated with confi- 
dence. Because of the semiempirical nature of the theory, comparison with 
experimental results does not afford a sufficient basis for confirming the 
validity of any approximations. Thus, an important function of numerical 
methods is to provide a means for checking the accuracy of approximate 
methods. This strategy works only if the methods being compared are 
applied to the same problems. Care must be exercised because differences 
in the formulations (approximate or numerical) often do not permit a 
precise correspondence between the required input data and, possibly, the 
boundary conditions as well. 

In this chapter, we discuss both approaches. To provide background and 
motivation for the construction of the approximate analysis, we begin in 
Sec. II with a brief description of the important features of combustion 
instabilities in solid rocket motors. The equations of conservation, the 
common basis for all numerical and analytical work, are discussed in Sec. 
III, followed by application to problems of linear stability in Sec. IV. Some 
aspects of nonlinear behavior are covered in Sec. V. Section VI is a short 
review of numerical calculations of some one-dimensional problems. 
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II. Some General Features of Combustion Instabilities in Solid - 
Propellant Rocket Motors 

Combustion instabilities in different systems are distinguished primarily 
by geometry and the manner in which reactants are introduced. In any 
case, the presence of an instability in a chamber has always been identified 
with the presence of unsteady motions having quite well-defined frequen- 
cies. From the earliest observations to the present, the frequencies have 
usually been close to those computed for the classical acoustic modes of 
the chamber if the boundary condition at the nozzle is suitably approxi- 
mated. The physical reason for this behavior is that the combustion pro- 
cesses and mean flow are relatively small perturbations of the classical 
acoustic behavior, even though they are the necessary causes for the insta- 
bilities. That result is the basis for the form of the theory developed in 
this chapter. 

We may estimate the frequencies by ignoring the combustion processes 
and the mean flow and considering a chamber having the same shape as 
the volume containing the combustion gases but entirely enclosed by a 
rigid boundary. The exit boundary is closed at the entrance to the exhaust 
nozzle. That may be somewhat ambiguous, particularly for a re-entrant 
nozzle, but an approximate choice is good enough for the purposes here. 
Then the chamber is assumed to contain gases having the same thermo- 
dynamic properties as the actual combustion products. It is especially im- 
portant that the presence of condensed material be taken into account. 
Then the speed of sound is known; its value and the geometry of the 
equivalent closed chamber determine the frequencies and mode shapes for 
the classical acoustic modes. 

The simplest example is a chamber of length L having uniform cross 
section. No matter what the shape of the cross section, the axial or lon- 
gitudinal modes are the same as those for a closed-closed organ pipe. This 
characterization is applied because the velocity fluctuations are longitu- 
dinal, parallel to the axis, and, in this idealized limit, uniform over a cross 
section. The velocity must vanish at the ends and varies sinusoidally along 
the axis, being proportional to sink e z. Here k t is the wave number for the 
€th mode, defined in terms of the angular frequency oi e and the speed of 
sound a as 




(1) 



Classical theory shows that the 



eigenvalues k e are 




(2) 



and the cyclic frequencies are 




(3) 
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Thus, for purely longitudinal modes, the modal frequencies are integral 
multiples of the fundamental frequency/! = a/2L. 

Because it is directly observable, the pressure is a convenient property 
for characterizing instabilities. The acoustic pressure attains maximum value 
at those regions in the chamber in which the velocity is minimum. Hence, 
the pressure varies as cosk ( z, having greatest values at the ends. It is usually 
true that, whereas the pressure fluctuations may have local maxima in the 
interior of the chamber, there are maxima, or antinodes, at the boundary. 
Thus, by analogy with Eq. (3), the frequency for the fundamental mode 
of oscillations in transverse planes is roughly a/2D, where D is the diameter 
of the chamber. Typically, then, the frequencies of axial modes are lower 
than those of transverse modes by the ratio DI L, D being less than L for 
most solid rocket motors. 

The physical basis for these estimates is the fundamental result for a 
wave motion that the frequency/, speed of propagation a, and wavelength 
X are related by/X = a. What we are really doing is estimating the wave- 
length, which is determined by the geometry and the boundary condition. 
For motions between two rigid surfaces where the perpendicular acoustic 
velocity must vanish, an integral number of half-waves will fit. Thus, the 
wavelength of the fundamental mode (having the greatest wavelength) is 
twice the distance between the surfaces, 2L or 2D in the example given 
earlier. This procedure works for a solid rocket because the flow speeds 
are usually small compared with the speed of sound, and the acoustic 
velocity perpendicular to the boundary is indeed nearly zero. However, 
we note that there are exceptional cases, notably one in which the Mach 
number is large at the entrance to the exhaust nozzle. 

Let hp denote the maximum amplitude of oscillation in a longitudinal 
mode, so that the acoustic pressure is 



The instantaneous energy % in the mode is the sum of the potential energy, 
proportional to p 2 ; and the kinetic energy, proportional to u 2 . Because the 
acoustic velocity and pressure are related, the time-averaged energy (%) 
can be expressed in terms of the pressure only and is given by the formula 



where p is the mean pressure. Consider a motor having length L = 1 m 
and a cross-sectional area S c = 0.02 m 2 and operating at a mean pressure 
of 100 atmjl x 10 7 N/m 2 ). For 7 = 1.2, the last formula gives {%) = 
41,666 (S/?//?) 2 J. If the amplitude S/7 is 10% of the mean pressure, (%} = 
400 J. This may be compared to a representative value of the heat of 
reaction, say, 4 X 10 6 J/kg of propellant. 

Thus, the energy in the acoustic field, even when the amplitude becomes 
comparable to the mean pressure, is a negligible fraction of the total energy 
available in the system. That is one reason why, as noted earlier, insta- 
bilities are likely events in solid rocket motors. This result, however, bears 



/7 = 8/7 cosk ( z 



(4) 
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little relation to the matter of stability: we need an estimate of the rate at 
which energy is gained by the acoustic waves, and we need to compare 
that with the rate at which energy is actually made available by the com- 
bustion processes. 

When a steady oscillation is present in a chamber, the rate at which 
acoustic energy is lost must preciseiy balance the rate at which energy is 
transferred to the waves from the combustion processes. If these rates 
differ, then the amplitude of the motion will grow or decay. Consider a 
wave that is growing, and suppose that the behavior is that of an unstable 
linear system. Then the amplitude of the pressure fluctuation is propor- 
tional to exp(af), where a is the growth constant; but the energy is pro- 
portional to (8p) 2 and therefore varies as exp(2ai). Hence, approximately, 
the time-averaged energy has the behavior (%) ~ exp(2ctf), and its rate of 
change is 

±f = 2« {%) (6) 

This relation is valid if nonlinear processes are negligible and providing 
that a is much less than the frequency (a « a>). For the chamber con- 
sidered earlier and for a = 1200 m/s, Eq. (3) gives/j = 600 Hz. In practice, 
a is usually less than 100 s -1 and, for a frequency of 600 Hz, co = 3800 
rad/s. Hence, a « w. Then, with hplp = 0.1 and {%) = 400 J, the acoustic 
energy changes at the rate 8 x 10 4 J/s. 

Because the growth rate is, in fact, the rate at which energy is gained 
from the combustion processes minus the loss rate due to damping mech- 
anisms, the result just given underestimates the power provided by un- 
steady combustion. Typically, the net growth rate is the difference between 
two relatively larger numbers. In extreme cases, when large damping is 
present, the rate of energy supplied by the burning may be 5-10 times as 
large as the net rate at which the acoustic field gains energy. When this 
occurs, substantial increases in the average burning rate, chamber pressure 
and, therefore, thrust may be observed. 

The rate at which energy is released by combustion is the rate at which 
solid material is consumed, multiplied by the heat of reaction H, p s rS b H, 
where p s is the density of the solid, r the linear burning rate, and S b the 
area of burning surface. For p s ~ 1600 kg/m 3 , r = 0.75 cm/s, S b ~ 0.5 m 2 
for a circular cross section having area 0.02 m 2 , and H = 4 x 10 6 J/kg, 
we find p s rS b H = 2.4 x 10 7 J/s. Obviously, only a very small portion of 
this, less than 0.4%, is required to drive the acoustic waves at the rate 
estimated here. This striking result shows that we might expect acoustic 
waves to grow in a chamber with essentially no influence on the steady- 
state performance unless unstable waves are driven in a highly damped 
system. Whether even the small rates of energy transfer commonly required 
to create an instability will actually be achieved depends on the interactions 
between the waves and the oscillations. Only weak coupling is required, 
and it is fortunate that, in practice, the interactions are as ineffective as 
they are; the potential is always present for catastrophic results. 

Another source of energy for unsteady motions is the mean flowfield 
itself and fluctuations associated, for example, with flow separation. There 
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are many examples of acoustic waves excited by these causes, both in 
laboratory devices and in motors. Experience has confirmed that, in those 
cases as well, the interactions responsible for the unstable motions are 
weak, and the amplitudes of the waves do not reach large amplitudes, 
although they may cause troublesome vibrations of the vehicle. 

We conclude that, for the theoretical purposes, we may regard com- 
bustion instabilities as unsteady motions that are, in some sense, closely 
related to the classical acoustic modes. Perturbations of the acoustic modes 
are associated primarily with the combustion processes and the mean flow. 
The theoretical representation of instabilities conforms with this physical 
behavior. Specifically, the approximate analysis discussed later is founded 
on construction of a wave equation and boundary conditions having source 
terms arising from the various perturbations. The basic motions are the 
linear acoustic waves easily determined from classical acoustic theory. 

The source terms may be divided into two kinds: those that depend 
Iinearly on the fluctuating motion and those that are nonlinear. Linear 
contributions are responsible for unstable motions. If conditions produce 
an unstable wave, the amplitude grows exponentially in time. Because the 
system is self-excited, a limiting amplitude is reached — the system executes 
a periodic limit cycle — only if nonlinear processes are active. Thus, we 
may arrive at a full understanding of the phenomena only if we treat 
nonlinear behavior. 

A special advantage of the approximate analysis is that it displays ex- 
plicitly the contributions of all physical processes. The results provide a 
clear framework for interpreting and predicting instabilities quantitatively. 
Moreover, the form of the results suggests the sorts of experiments we 
should perform to obtain the information necessary to allow analysis of 
practical systems. 

Purely numerical analysis also reproduces the physical behavior just 
described. However, it is then not easy to distinguish in detail the influences 
of the various processes acting. In principle, numerical methods may be 
applied to any system and any geometry but, in fact, even with recent 
advances in computing, the computations remain difficult and expensive. 
To date, results have been obtained chiefly for one-dimensional problems, 
with some limited treatment of two-dimensional problems. Some aspects 
of unsteady flows are better treated with numerical methods, even though 
the results are necessarily limited to particular cases. Later we shall examine 
some one-dimensional calculations to illustrate comparison with approxi- 
mate results. Nevertheless, the numerical approach unquestionably has 
an important place in the analysis of practical systems and will no doubt 
be used increasingly as the cost of large-scale calculations continues to 
decrease. 

III. Equations of Motion and Formulation of the Analysis 

Analysis of flows in solid-propellant rockets must be based on the equa- 
tions of conservation for a gas containing condensed species. Because of 
uncertainties in the actual flow properties, it is inappropriate to use a 
completely general formulation. We assume here a perfect gas and one 
condensed species present as small particles. The complete set of conser- 
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vation equations then comprises those for the gas and those for the par- 
ticulate material. We may combine the equations to form a set governing 
the motions of a single medium as, for example, discussed by Marble 1 - 2 in 
his papers on two-phase flows. Application of that idea to the sorts of 
problems treated here was developed by Culick. 3 

A. Conser vation Equations for a Two-Phase FIow 

Residual combustion of both the gas-phase and condensed material may 
occur within the volume. The first is accounted for as a heat source; the 
second may also involve a conversion of condensed mass to gas, denoted 
here as w p (mass/time-volume). We also assume, which is not quite correct, 
that the gases produced by the burned condensed material have the same 
velocity as their sources (u p ). For simplicity, we ignore viscous stresses and 
heat conduction in the gas phase, an approximation that can be easily 
improved. The conservation equations are 

Mass (gas): 

d jf + V • ( Pg «) = w p (7) 



Mass (particles): 



^ + V-( Pp u p ) = -w p (8) 



Momentum 

d 



d{ (P g u + P P Up) + V • (p g uu + (> p u p u p ) + Vp = 0 (9) 



Energy: 

d 



3t (P s e o + P P e p o) + v • {P g ue 0 + P p u p e p0 ) + V • (pu) = Q (10) 

Energy released in homogeneous reactions in the gas phase is represented 
by Q (energy/time-volume). For simplicity, we ignore the influences of 
viscous stresses and heat transfer internal to the gas, processes that usually 
have negligible effects in the problems we treat here. These can be accom- 
modated within the approximate analysis, appearing as additional source 
terms in Eqs. (8) and (10). 

With simple manipulations, we can write the momentum and energy 
equations as 



du 

Pg — + Pg u ■ V« + Vp = F p - a (11) 



dT 

+ u ■ o- + (u p - u) ■ F p (12) 



P g C v — + p g C v u ■ VT + pV ■ u = Q + Q p + (e p0 - e 0 )w p 
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The force of interaction between the gas and particles is 



F p = 



P p 



dt 



+ U n ■ V H„ 



(13) 



and the heat release associated with chemical reactions and transfer of heat 
between the condensed and gaseous phase is 



Q P = -p p c 



dt 



+ u n ■ VT„ 



(14) 



The momentum transfer to the gas associated with residual combustion is 

(h - u p )w p (15) 



It is important that the correct speed of sound appears to zeroth order 
in the wave equation deduced later, namely, the value for conditions near 
equilibrium for the gas/particle mixture. The manipulations carried out to 
insure that result are discussed by Culick. 3 As a result, the momentum and 
energy equations appropriate to the propagation of disturbances in the 
mbcture are 



du 

dt 



+ pu ■ Vu + Vp = SF p - a 



(16) 



dT 

dt 



+ u ■ V7 + pV ■ u = Q + hQ p + (e p0 - e 0 )w l 



+ u ■ <r + bu p ■ F p 



where 



™ p = -P, 



dhu 



- + 8«„ ■ V 8h„ + 8w„ • V« + u ■ V8m p 

dt 



(17) 



(18a) 



se P = ~ Pp c 



d§T p 
dt 



V8r p + bu p 



VT + u ■ V8T„ 



(18b) 



and 8m p = u p — u, §T p = T p - T. The density p for the mixture is 

p = Pg + Pp = p s (l + CJ (19) 

andC m = p p /pg is the mass fraction of particles. 

Strictly, C m must be treated as a dependent variable. Any nonuniformity 
in the mean flowfield, or unsteady motions, will cause the particles to 
"slip" relative to the gas. Not only will §u p and bT p be nonzero, but also 
the temperature within an individual particle will not be uniform. A com- 
plete treatment of the flow requires that the particle velocity and temper- 
ature be calculated as functions of time and position within the chamber. 
That procedure requires solutions to Eq. (13) and (14), with the force of 
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interaction and the heat transfer specified. Simultaneously, the tempera- 
ture field within the particle should be determined, an analysis rendered 
even more difficult for vaporizing and burning particles. Such matters are 
subjects of current research in the field of spray combustion and will not 
be discussed here. (See, for example, Refs. 4-6.) 

In the limit of infinitesimally small particles, the gas and particles are in 
equilibrium, in the sense that the local temperatures and velocities are 
equal: T = T p ; u = u p . Then the particles follow the gas motion and, if 
the initial distribution of the particles is uniform, the C m is constant throughout 
the chamber. The assumption C m constant is normally made in analysis of 
the flows in solid-propellant rockets, and we shall follow that practice here. 
Although errors incurred can be estimated for typical flow conditions, 
nothing is to be gained by doing so here. The influences of unsteady motions 
and residual combustion can be accommodated within the approximate 
analysis, but the necessary calculations have not been done. 

The mass-weighted specific heats for the mixture are defined in the usual 
fashion 1 : 

C + C C C + C C 

v i + c m ' c " i + c m (Z0) 

Now, add Ttimes Eqs. (7) and (8) to 1/C„ times Eq. (17) to find an equation 
for the pressure: 



dp „ „ R 

■f + u • Vp + ypV ■ u = =- 



Q + bQ p + bu p • F p + u ■ a 



+ (<? p0 - e 0 )w - C,7V ■ (p bu ) 



(21) 



The perfect-gas law, p = p g RT, has_been_used,_where 7? is the gas constant 
for the gas only, For the mixture, R = C p - C„, 7 = C p IC v , and 

p = pRT (22) 

The chief purpose of the preceding exercise is to establish the forms of 
the equations that account for the presence of condensed material and that 
will provide the most accurate value for the speed of sound for the un- 
perturbed motions, namely, 



a = (yRT) 1 



1 + C m \P. 



m 

P ' 



(23) 



The right-hand sides of the reformed conservation equations, in particular, 
Eqs. (16) and (21), contain the major contributions causing combustion 
instabilities. We are less concerned here with the details than with the 
construction of a general framework. Hence, to simplify writing, we rep- 
resent the source terms in general form and write the equations for con- 
servation of mass, momentum , and energy (written in terms of the pressure) 
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as 



— + u • Vp = °W 
dt 

du 

p — + p« • Vm = -Vp + g? 

dt 



dp 
dt 



+ ypV u = -u • Vp + <3> 



For the circumstances treated earlier, 



W = - P V • « - V -(p^) 
* = 8F p + 8h,w, 

G + %Q p + 8« p • F p + - e) + i (8« p ) 2 j 



(24) 
(25) 
(26) 



(27) 
(28) 



c v rv • ( P/) 8« p ) 



(29) 



Equations (24-26) are suitable for two- and three-dimensional problems. 
Because of the sources of mass, momentum, and energy at the lateral 
boundaries of solid rockets, treatment of problems within the one-dimen- 
sional approximation requires special attention. In effect, some of the 
processes that arise in the boundary conditions placed on these equations 
appear explicitly as source terms in the one-dimensional equations. The 
formulation was discussed first by Culick. 7 - 8 For a chamber having a non- 
uniform cross-sectional area 5 c (z), the equations corresponding to Eqs. 
(24-26) are 



dt dz 



Bu du 

p 1- pu — 

K dt K dz 



■^ + 9, 
dz 1 



where 



°W 1 



dp 1 3 , „ . dp ^ 



1 d 1 d 

-p (uS c ) — - (S c p„bu„) + 

S c dz y ' S c dz y p pJ 

hF„ + hu n w n + 



(30) 
(31) 
(32) 

(33) 
(34) 
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(35) 



where 




(36b) 



(36a) 



(36c) 



The terms containing integrals over the perimeter q represent the influences 
of material entering the chamber at the lateral boundary. Properties of the 
injected flow are denoted by subscript s, except that and represent 
the mass flux of gas and particles respectively, normal to the boundary, 
with m b = + m^f ) the total mass flux. 

Note that, apart from the additional source terms at the lateral boundary, 
the one-dimensional equations may be deduced directly from the three- 
dimensional equations [Eqs. (24-26)]. Replace u by u, u p by u p , u ■ V by 
u(d/dz), and V • ( ) by (VS c )(d/dz)(S c ). 

When particulate material is present in the flow, the properties u p (or 
u p ) and T p must be determined by solving Eqs. (13) and (14). The average 
force F p and heat transfer Q p must then be specified. Those processes 
depend on 8«^ and &T p , coupling the particle and gas motions. Later we 
shall discuss that problem, showing how to obtain elementary results for 
the attenuation of unsteady motions from gas/particle interactions. 

B. Formulation of the Approximate Analysis for Second-Order 
Acoustics: Spatial and Time Averaging 

The sets of equations, Eqs. (24-26) and (30-32), may be used as the 
basis for numerical analysis of unsteady flows. Here we are concerned with 
construction of an approximate analysis, which we develop for the case of 
three-dimensional motions. The general results can readily be specialized 
to one-dimensional problems, with proper attention to the correct forms 
of the source terms °W 1 , $F U and 9V 

To avoid preoccupation with details unnecessary at this stage, we shall 
not display explicitly the contributions to °W, 9% and 2?. Ali dependent 
variables are written as sums of mean and fluctuating parts, p = p + p' , 
etc.; to simplify the derivation, we assume that the average values do not 
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vary with time. That is not an essential assumption, but to correct it requires 
considerable elaboration not justified here. However, there are practical 
situations in which changes in the average values, particularly the pressure, 
are important. No thorough analysis of such cases has been given. 
Written to second order in fluctuations, Eqs. (25) and (26) become 

d u ' 

p — + V p' = - p(a • Vw' + u' • Vw) 

dt 

-p( B ' • V«') - p' ^ + 9' (37) 

dt 

dv' 

+ ypV ■ u' = -u - V p' - 7p'V • u 

dt 

- u' ■ Vp' - yp'V ■ u' + <3" (38) 

The mean velocity varies within the chamber, but the average pressure is 
assumed constant. That amounts to assuming that the average Mach num- 
ber is small, and so terms of order |w| 2 |«'| and |m||m'| 2 are neglected. 

Equations (37) and (38) are, respectively, a vector and a scalar equation 
for the velocity and the pressure fluctuations. The density and temperature 
fluctuations are also dependent variables, and so the system of equations 
is completed by adding the equation for p' derived from the conservation 
of mass [Eq. (24)] and the perturbed form of the equation of state [Eq. 
(22)] . Those equations will not be written at this point but will be introduced 
when required. 

Now, differentiate Eq. (38) with respect to time, and substitute Eq. (37) 
for du '/dt to find the nonlinear wave equation: 

where a 2 = y R T is independent of position, and 



h = -pV-(B-V«' + h'Vk) + -U-V^- + ^^-V-m 

a 2 dt a 2 dt 



. du'\ 1 d , , _ ,. y d , .„ 
p tt '-V„' + p'- ) + - 2 -(u>- W + }-(p'V- u') 



„ nri 1 d®' 

+ V-^'--— (40) 
a 1 dt 

The boundary condition is set on the gradient of p' , found by taking the 
scalar product of the outward normal vector with Eq. (37): 



n ■ Vp' = -f 



(41) 
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and 




Vw' + u' ■ Vw) • n + p(«' • Vw') • n 



n 



(42) 



In the first instance, the intent of the approximate method is to replace 
the partial differential equations of conservation by an equivalent system 
of ordinary differential equations. This is accomplished by averaging over 
the volume of the chamber, using a version of the method of least residuals, 
essentially Galerkin's method. The procedure begins with multiplication 
of the equations by a suitable weighting function, followed by integration 
over the volume. According to the remarks in Sec. II, an appropriate choice 
of weighting function is the mode shape for the unperturbed motions. In 
the limiting case in which all perturbations are ignored, the unperturbed 
waves are governed by Eqs. (39) and (41), with h = f = 0. There may be 
circumstances in which a different choice is more effective (e. g. , the average 
Mach number is high and the influence of the exhaust nozzle on the wave 
motions is substantial), but here we base our analysis on the limiting case. 
Hence, the mode shape 4<„ for the «th mode satisfies the following equa- 
tions: 



The procedure amounts to comparing the unperturbed problem with the 
actual problem to be analyzed. Multiply Eq. (39) by i|/„ and (43a) by p' , 
subtract the results, and integrate over the chamber: 



Apply Green's theorem to the left-hand side, substitute the boundary con- 
ditions (41) and (43b), and rearrange the terms to give 



We now take explicit advantage of the observational result that the 
oscillations usually occurring in rocket motors are not very different from 
the classical acoustic modes. The unsteady pressure field is expressed as a 
synthesis of the normal modes i)/ m (r), with time-varying amplitudes ~c\ m (t): 



+ k 2 n ^ n = 0 
« • Vv|/„ = 0 



(43a) 
(43b) 



/ 4**vy - P '^ n dv-± 2 j^ d ^dv 




a 




P' (r, t) = p 2 t\ m {t)^ m {r) 



(45) 
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Correspondingly, the velocity field is written as 

«'(M) = E W-^(r) (46) 

These are clearly not exact representations of the true fields, for the bound- 
ary conditions are not satisfied; Eq. (45) gives n ■ V p'- = 0 because the y\i m 
satisfy Eq. (43b) and, according to Eq. (46), the velocity fluctuation van- 
ishes on the boundary. This means that Eqs. (45) and (46) do not accurately 
reproduce the spatial structure of the unsteady motions near the boundary. 
Nevertheless, the errors are small when the perturbations contained in h 
and /are small, and because of the spatial averaging, the equations to be 
found for the amplitudes will provide a satisfactory basis for studying real 
problems. The boundary conditions influence the results through the func- 
tion /appearing in Eq. (44) and eventually as a contribution to F n [Eqs. 
(48) and (49)]. As we noted in Sec. I, the accuracy of the final results can 
be assessed quantitatively only by comparison with numerical solutions to 
the partial differential equations. 
The set of normal modes can be constructed so that the i|/„(r) are orthogonal: 



iM>„ dV = E 2 n h mn (47a) 

El = | dV (47b) 

Substitute Eq. (45) in the left-hand side of Eqs. (44), and use the orthog- 
onality property [Eqs. (47a) and (47b)] to find the desired system of equa- 
tions for the amplitudes: 



d 2 T]„ 
dt 2 



+ o»5t,„ = F„ (48) 



where o>„ = ak„ and 



F n = | / H„ dV + §M„ dsj (49) 

The functions h and/contain p' and u' , which are to be replaced by the 
approximate forms [Eqs. (45) and (46)]. Hence, the "force" F n depends 
on the amplitudes r\ m . In general, both linear and nonlinear terms will 
appear, and the system of Eqs. (48) represents the time-dependent motions 
of a collection of nonlinear oscillators, one oscillator being associated with 
each classical mode. 

For the one-dimensional approximation, the equations corresponding to 
(39-42) are 

i 1 ( s d -£l) _ 1 1£ 
S r dz\ c dz a 2 dt 



^ = -A(z = 0, L) (51) 
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where L is the length of the chamber, and 

_ 1 d ( duu'\ u d 2 p' y dp' 1 d 
S c 3z\ dz J a 1 dtdz a 1 dt S r dz 

1 d f , du' , flu' 
S c dz C \ PU dz P dt 

la/ ap'\ 7 ap' i a ttl , N 

(52«) 

i> c dz a dt 

du' d , ,. , du' , du' . , _ 

/i = P — + P -(""') + pu' — + p' — - 3? (52b) 
a? az az at 

The normal modes for one-dimensional motions are found as the Solutions 

* = 0 (z = 0, L) (53b) 
and the expansions for the acoustic field are 

p'(z, 0 = ? 2 *v(0«Mz) (54a) 

Orthogonality of the normal modes is expressed as 

tyfieSc dz = E}h n (55a) 

£ 2 = J' <J*?S C dz (55b) 



With a procedure similar to that leading to Eq. (48), we find the equa- 
tions for the amplitudes: 



dr 2 



w|Ti < = F« (56) 



*i = [ J* MA dz + [/^JfrJ (57) 
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We note that the classical modes used here are true standing wave motions 
having well-defined frequencies and phase differences among the spatial 
distributions that are invariant with time. Yet the general motions described 
by the set (48) and (56) are not so restricted: standing waves with energy 
losses or gains, traveling waves, and discrete wave motions (pulses) can 
all be analyzed with this formulation. 

The progression from the partial differential equations to the ordinary 
differential equations [Eqs. (48)] is already a great simplification of the 
analysis. We could now apply Eqs. (48) directly, as Zinn and Powell 9,10 
did first in a similar treatment of combustion instabilities in liquid rockets. 
However, one further step applying the method of time averaging will 
replace the system of second-order equations by an equivalent system of 
first-order equations. This greatly reduces the cost of routine calculations 
and also provides a convenient basis for studying formally the general 
behavior of unsteady motions. The following argument applies to both the 
three-dimensional and one-dimensional formulations. 

Time averaging is a reasonable procedure for practical problems, based 
on the observation that the oscillations commonly have amplitudes and 
phases varying slowly in time: their changes are small during one period 
of oscillation. Hence, the amplitudes r\ n (t) may be written in the form 

T) n (t) = r „(t) sin[w„f + <$>„(t)] = A n {t) sinw„f + B „(t) coswj (58) 

The time-varying phase 4>„(r) is observed as a frequency shift, the actual 
frequency for the perturbed mode being d/d?(co„/ + (j>„) = oo„ + <j>„. 
Construction of the equations for r „(t) and <$>„(t) or, equivalently, A n (t) 
and B „(t) may be done at least two ways. 

The first method 11 is a modest variation of the method of averaging 
developed by Krylov and Bogoliubov. 12 By analogy with a simple mass/ 
spring system, the energy % n can be associated with the oscillator governed 



The instantaneous velocity of the oscillator is so that the rate at which 
work is done on the oscillator is r\ n F n . Averaged over an interval t at time 
t, the values are 



Conservation of energy for the averaged motion implies that the rate of 
change of time-averaged energy should equal the time-averaged rate of 
power in 



by Eq. (48): 



(59) 




(60) 



(61) 



Because the single function j\ n has been replaced by two functions, r n 
and <{>„, we are free to place a restriction; following Krylov and Bogoliu- 
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bov, 12 we require 

^ r n cos(a>„/ + <)>„)+ ^ sin(<0„f + 4>„) = 0 (62) 

Differentiating Eq. (58) and enforcing Eq. (62) gives the formula for the 
velocity in the same form as that for a classical conservative oscillator: 

"i]n = w„r„ cos(co„r + cj>„) (63) 

and the energy is 

% n = V 2 o*y n (64) 

With Eq. (63), Eq. (61) gives 



dt w„t J 



The equation for § n (t) is found by substituting Eqs. (58), (63), and (62) 
in the oscillator equation [Eq. (48)]; multiplication by sin(w„f + 4>„) and 
time averaging gives 



t + T 



r n ^f = — f F n sin(o„f ' + <$>„) dt' (66) 

It is often more convenient to use the equations for A n {t) and B n (t), 
found by solving Eqs. (58), (62), (65), and (66) for A n and B n , to give 



d/L 1 



d; w. 



T 



dt 0)„T 



j F„ cosco„r dt' (67a) 

r 

r + T 

| F„ sinw/ dt' (67b) 



The assumption that the amplitudes and phases are slowly varying means 

r„T < 1, (j>„T < 2tt 

/4„t « 1, B n T <§ 1 (68) 

These inequalities imply that the functions A „(t) and S„(0 will be taken 
as constant under the integrals in Eqs. (67a) and (67b). 

The original motivation for developing the method of averaging in the 
form expressed as Eqs. (67a) and (67b) was to provide the basis for treating 
arbitrarily shaped chambers. Differences between geometries are reflected 
in the unperturbed mode shapes and frequencies. The mode shapes affect 
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the values of parameters that arise in Eqs. (67a) and (67b), but the fre- 
quency spectrum, as we shall see, influences the qualitative structure of 
the equations. It appears that the derivation of Eqs. (67a) and (67b) is not 
restricted to particular geometries, but, to date, these results have been 
applied only to the simplest case of longitudinal modes for which the 
harmonic frequencies are integral multiples of the fundamental. Applica- 
tion to other cases requires further calculations, which we will not pursue 
here; preliminary examination suggests some difficulties that have not been 
resolved. 

A second method has recently been applied to problems of transverse 
modes in a circular cylinder. 13,14 First we introduce a bookkeeping param- 
eter e measuring the smallness of the right-hand side of Eq. (48): 

d\ n , 2 



dt 2 



+ ft^Tu = eF n (69) 



(In most problems, e is a Mach number characterizing the average flow- 
field; for the second-order acoustics treated here, the Mach numbers of 
the average and oscillating flows are of the same order.) Now F„ is of the 
same order as T|„. As before, write r\ n (t) in the form (58), and impose the 
condition (62) written in terms of A„ and B„: 

dA„ . dB„ „ 

—r sinw„f + —r cosoy = 0 (70) 
dt dt 

Substitute Eq. (58) in Eq. (69); the result can be solved with Eq. (70) to 
give 

u>„t (71a) 



cL4„ 








dt 




dB„ 


8 


dt 





sino)„r (71 b) 

These equations still involve no approximations beyond those required 
to produce Eq. (69). We now introduce two time scales, a "fast" scale, 
l/o>„, proportional to the period of the oscillation; and a "slow" scale, 
l/eco„, which characterizes the relatively gradual variations of the amplitude 
and phase. Correspondingly, the dimensionless fast and slow time variables 
are defined: t f = w n t and t s = ew/ 

In terms of these new variables, Eqs. (71a) and (71b) are 

dAn 1 
dt s w 

d]^ 1 
dL o> 



- F n cost f (72a) 



2 F n sin/, (72b) 



The idea now is to average Eqs. (72a) and (72b) over an interval iyin the 
fast variable; because the A„ and B n are functions of the slow variable, we 
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have 



tf+Tf tf+Tf 



~ f ^T df ;~^r = 4- f F n (!„t' f )™t f dt' f (73a) 
T/ J dt s dt s wfr f J 

1 tf t f 

tf+Tf tf+Tf 

~ f ^T d ^^ = -4" f K{ts,t' f )^t' f At' f (73b) 

y V J tf 

As shown, F„ is a function of both the slow and fast time variables, be- 
cause 

71, = A t {Q sin(j^ t)j + B,(t s ) cos(j^ t)j (74) 

When F„ is formed, terms linear and quadratic in the A h B t are produced, 
weighted by sinusoids. Because they are functions of t s , essentially constant 
during the interval iy, all such factors can be taken outside the integrals in 
Eqs. (73a) and (73b). Hence, the averaging is performed on sinusoids 
having frequencies that are sums and differences of the natural frequencies. 
The terms that survive the averaging are then determined by the relative 
magnitudes of the periods compared with the period 2tt/o)„ of the mode 
in question. Some terms have precisely zero frequency when the differ- 
enced frequencies vanish. Others oscillate at nonzero but low frequencies, 
with periods long compared with the averaging period. Some experience 
with special problems 1314 has shown that, if the frequency is less than 
roughly half the frequency of the mode in question, those terms should be 
retained. They contribute modulating factors on the right-hand sides of 
Eqs. (73a) and (73b), which are meaningful, as comparison with numerical 
solutions to the second-order Eqs. (48) have shown. Open questions con- 
cerning the use of time-averaging in general still remain. 

Culick 11 has shown that F„ has the following form for second-order 
acoustics: 

F n = ~ S [DnA + £ ni T|/] - S 2 [A nij i]ii)j + B^-f]] (75) 

The constants D ni , E ni , A nij , B nij depend on the unperturbed mode shapes 
and frequencies; the D ni and E ni arise from linear processes and are usually 
proportional to the Mach number of the mean flow. (A notable exception 
arises with the presence of condensed material discussed in Sec. IV. D. The 
characteristic parameter then depends on the mass fraction of condensed 
material and on the properties of the particles.) Consider the linear terms 
only. Substitution of Eq. (75) in Eq. (73), or in Eqs. (67a) and (G7b), with 
t equal to the period of the nth mode, leads to the following results: 

^r) =~\ D nn A n -\^B n (76a) 
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^f) = -\D m B n + \^A n (76b) 

d ' /linear 2 2 W « 

Multiply the first of these by A n and the second by B n , and add the results 
to find the equation for the amplitude, r„ = — (D nn l2)r n , where r 2 n = 
Al + B 2 n . Thus, r n ~ exp(a„/), with a„ = —D„J2, the growth constant 
for the nth mode, as defined generally by Eq. (6). 
Now, from the definition (58) of r\ n (t), we find 

A„ ~ e'*"' cos$ n , B n ~ e""' sin4>„ 



Substitution in Eqs. (76a) and (76b) leads to the identification E nn /2<x>„ = 
4>„. But 4>„ can be interpreted as the frequency shift in the «th mode that 
is due to the perturbations because the perturbed frequency is 

w = j (co„f + 4>„) = <o„ + <j>„ = o>„ + (co - <o„) 

Hence, we have established the two rules that the growth constant for 
the «th mode is 1/2 the coefficient of r\ n in the form (75), and the frequency 
shift is l/2co„ times the coefficient of r\ n : 

«n = - \ Dnn (Jld) 

9 n = - (co - »„) = - \^ (77b) 

These rules are often conveniently applied after a representation of a 
particular process has been constructed. Examples are given in the follow- 
ing section. 



IV. Prediction of Linear Stability 

Most contemporary predictions of linear stability are based on the anal- 
ysis formulated in the preceding section. The results are readily pro- 
grammed for routine computations; a widely used program is that pre- 
pared originally by Lovine et al. 16 and recently in revised form by Nickerson 
etal. 17 

Whatever method is used, the starting point for three-dimensional prob- 
lems is the pair of equations (37) and (38) with the nonlinear terms pu' ■ 
Vm', etc, dropped. In general, one would expect to need the linearized 
forms of Eq. (24) for conservation of mass, and of Eq. (22), the equation 
of state. However, for problems of small-amplitude motions, it is an ad- 
equate approximation to suppose that the fluctuations in the acoustic field 
are isentropic, so that p ~ p\ Then the pressure and density changes are 
related by 



(78) 
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Temperature fluctuations may arise in the source terms, and so we shall 
need the linearized form of the equation of state [Eq. (22)]: 

p p T 

Only the terms linear in h, Eq. (40), and/, Eq. (42), are retained. Hence, 
the forcing function F„ defined in Eqs. (48) and (49) is linear in p' and «'. 
We may therefore introduce the exponential time dependence familiar in 
linear problems, t|„ ~ exp(iakt), 

f) n = r\^ kt , h = he m \ f = fe m ' (80) 
where k is the complex wave number: 

k = z (u - ia) (81) 
a 

The real part of ak is the frequency of the nth mode shifted from the 
classical value co„ by the perturbations proportional to the Mach number 
of the average flow. The imaginary part a is the growth constant for the 
perturbed nth mode: a > 0 if the mode is unstable. By construction, a is 
itself proportional to the average Mach number. 

Thus, as far as linear behavior is concerned, the purpose of the approx- 
imate analysis is to provide a systematic procedure for computing the 
frequency shifts and growth constants associated with each of the classical 
acoustic modes. The idea is that an arbitrary small-amplitude unsteady 
motion can be represented as a Fourier synthesis of the classical unper- 
turbed modes, with time-dependent coefficients "c\„(t), as expressed by Eqs. 
(45) and (46). If only one of the modes is unstable, then the general linear 
motion must be unstable. Hence, the linear stability of motions generally 
is established by determining the signs of all a for the classical normal 
modes: the same formula for k applies to all modes, but the numerical 
values of co and a depend on n. 

Because Eq. (48) is linear, after substitution of the forms (80), the 
common factor e m ' cancels, and we find the formula for k 2 : 

e . I ( „ _ iaf . | + A. {/I fc dv + f L K ds } (82) 

Taking real and imaginary parts, and using the fact that, because they are 
both proportional to the average Mach number, a/co, (to - co„)/to n « 1, 
we find the following formulas for the actual frequency and the growth 
constant: 

o = <o„ + f ~^> n dV + f^\dsj (83a) 

2u n pEf, [J t\„ JJ t|„ J 

a = —^ r2 \S f ^^dV+§^^ds\ (83b) 
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where superscripts (r) and (z) denote real and imaginary parts, respectively. 
Thus, the entire problem of linear stability has been reduced to evaluating 
the integrals over h and/. This is a perfectly general result, restricted only 
by the assumption that the i|>„ satisfies Eqs. (43a) and (43b) and by the 
modeling of the source terms in h and/. Note that the meaning of smallness 
here implies that w differs from w„ and a differs from zero by terms of 
order M. 

A. Evaluating the Integrals of h and / 

Some rearrangement leads to the following result for the linear parts of 
h and/: 



The mean flowfield may be rotational (V x u + 0), and sources are 
accommodated (V • u + 0). Also, because the integrajids are proportional 
to M and because k differs from k n by terms of order _M, we have replaced 
k by k n , thereby correctly neglecting terms of order M 2 . It is important to 
understand that this analysis of linear stability gives consistent results to 
first order in the mean flow Mach number. To study linear stability, only 
the nth term is retained in the series expansions (45) and (46). Moreover, 
to the order to which the equations have been constructed, the acoustic 
quantities on the right-hand side of Eq. (84) must be replaced by their 
classical unperturbed values; thus, set k = k n and 




a J 



& ■ Vi)j„ dV + ipak n f i|>„ u ■ n dS 



(84) 



P = PVn^n, U = — Tj„Vl|>„ 



(85) 



'n 



After some calculations and rearrangement, we find 




+ «('Y - f (V • uW n dV -i^\t^ n W 



a J T)„ 




(86) 



Taking the real and imaginary parts of this result and substituting in Eqs. 
(83a) and (83b), gives the basic formulas for treating the problem of linear 
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stability: 

w = co„ + 



- pa£„ff ±(& -AY^dS} (87) 



[(7 - J dv 
- ^ M/„ 4- dy - — . dv 



2w n pE 2 „ 



+ pak n 



1 1 
— (m • n) (r) i|j„ + = i|^h • n 



dS \ (88) 



We now examine the most important contributions to linear stability. 

B. Admittance and Response Functions 

The term y& in the surface integral arises from the contribution pdu/dt 
in /. Here u is not replaced by its unperturbed value (u ■ n = 0) at the 
surface because, in general, the boundary is not rigid. At burning surfaces, 
for example, the unsteady combustion process produces fluctuations of 
burning rate, and hence velocity, of the order of the average Mach number. 

It is a convention in classical acoustics that has become Standard practice 
in this subject, to replace fluctuations of the velocity at the boundary by 
admittance functions. The idea is that, if a small pressure fluctuation is 
imposed on a boundary, the surface will move, at a velocity proportional, 
in first approximation, to the pressure fluctuation. In solid rockets, there 
are chiefly three classes of boundaries: inert impermeable surfaces; burning 
surfaces; and areas through which flow may pass, mainly the exhaust nozzle. 

No exposed surface in a solid rocket chamber is truly inert, but erosion 
of insulation material is slow compared with combustion rates. Thus, we 
may consider the material to be inert as a good first approximation. In 
that case, there is negligible motion of the surface, and the acoustic field 
is influenced primarily by viscous effects confined to an acoustic boundary 
layer, treated in the following section. 

Burning surfaces and regions of flow through the boundary may be 
treated together. From the definition of mass flux, m h = -p s ii • n, and 
with the perfect-gas law, we have 

„ „ m b _ „ At „p _ „ /om 
— «■» = — u ■ n -= — h — u ■ n (89) 



The minus sign appears on u • h because h is positive outward but u and 
m b are positive inward. The quantity A 7^ represents the difference between 
the actual temperature change and the isentropic temperature fluctuation 
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associated with the pressure disturbance: 

Af s = t,- 1 ^At T s (90) 
7 P 

With y p = pa 2 , and p/p = r\ n \\i n , Eq. (89) can be solved for the combination 
appearing in the first integral of Eq. (86): 

J- (u ■ h)^ n + (u ■ hW„ - -y(^ -u-n^£)^ (91) 



Analysis of the unsteady response of a burning surface produces most 
directly results for fluctuations of the mass flux m b , whereas measurements 
provide directly the combination on the left-hand side of Eq. (91). Hence, 
two functions have been introduced in the literature, the response function 
R b and the admittance function A b , defined by the relations 



m 



= = R b = (92a) 
m b yp 

~*-^ = aA (92b) 
a yp 

With these definitions, the combination (91) gives 

z (l %^ + u ■ n) - - (A b + M b ) - - M h (R b + y (93) 

where the subscript b has been introduced to indicate conditions at the 
burning surface. 

Because the processes at the burning surface are the source of the energy 
for instabilities, the problem of coupling to acoustical motions has received 
much attention. It is not possible to compute accurate values of the response 
function for a given propellant. Experimental methods carry considerable 
uncertainties but have advanced to the point of effectiveness for comparing 
propellants and for assessing trends of behavior accompanying composi- 
tional changes. 

Denison and Baum 18 first discovered an approximation to the response 
function now commonly used for correlating data and in computations of 
stability. Culick 19 reviewed the available analyses of the response function. 
Because of common assumptions of the physical behavior, almost all results 
have the same form as Denison and Baum's: 

Rt _ „ABy (94) 

\ + (1 + A) + AB 

K 

The complex function of frequency \ is computed as the solution to the 
equation 

X(X - 1) = iO (95) 
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where O = K p u>/?1 is proportional to the ratio of the period of the thermal 
wave in the solid to the period of the imposed acoustic oscillation. With 
n specified as the index in the burning rate law, the formula (94) gives 
values of R b depending on the two parameters A and B, which themselves 
are functions of the properties of the propellant. Each analysis of the 
unsteady behavior produces explicit formulas for A and B, so that their 
values depend partly on the approximations used. However, with the broad 
assumptions commonly used (notably that the burning is one dimensional 
and the gas phase responds quasistatically), Eq. (94) is found. Figure 1 
shows the real and imaginary parts for typical values of the parameters. 

Similarly, the influence of the nozzle is represented by an admittance 
function, but with a sign change to account for the fact that the flow is 
outward from the chamber. Also, it is assumed that the flow is isentropic, 
and so corresponding to Eq. (93), we have 




(96) 



Substitution of the preceding results in Eqs. (87) and (88) gives 




+ pk n \\ Aftf n dS -pk H \\ Aflift dS 



burning nozzle 
surface 



(97) 



5.0 



R b 0.0 



2.5 




-2.5 



~ A = 6.0 B = 0.55 
n = 0.3 V = l.l 8 



-5.0 



0.1 



10 



100 



n 



Fig. 1 Frequency spectrum of combustion response function. 
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a = 



2w„pE 2 n 



(7 - (V-«)dV 



t r ^ r i . 

f M»„ — dV - — y (0 " Vi|»„ dV 

a J T|„ J "<\n 



pk n j j (A« + M b W n dS + pk n jj (AW + M„W„ dS 
burning nozzle 
surface 



(98) 



Normally, Afl and A$, as defined here, are both positive: the burning 
surface tends to drive waves, and the nozzle tends to attenuate. Their 
contributions to the growth constant, extracted from Eq. (98), are 



«c = ^ \\ W + M„W n dS 
zc « , J 

burning 

surface 



(99) 



a N 



w + mm dS 



" nozzle 



(100) 



Thus, in accord with the foregoing remarks, a c > 0 and a N < 0 in the 
usual case. 

_Suppose that the nozzle entrance is located at z = L and that A$ + 
M N is constant over its area S N ; then Eq. (100) simplifies to 



L 



dS 



(101) 



The ratio in square brackets is constant, or nearly so. This result shows 
that, for a given nozzle and entrance Mach number (i. e., ratio of burning 
surface area to entrance area), the attenuation constant due to the nozzle 
is inversely proportional to the length of the motor. 
Similarly, if A b r) + M b is constant over the burning surface, Eq. (99) is 



dS 



(102) 



in which the surface integral is over the burning surface. The ratio in 
brackets depends significantly on the location of the burning surface. If 
the geometry is fixed, so is the function \\i 2 . Consequently, a c is larger if 
the burning surface is placed in the vicinity of antinodes of the «th mode. 
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This effect may cause the value of a c to be significantly different for the 
various modes in a given chamber. 

C. Attenuation at Inert Surfaces 

Losses of acoustic energy at an inert surface are due to the actions of 
viscous stresses and heat conduction. Those processes occur in a relatively 
thin layer near the wali but may be accommodated, in the general frame- 
work constructed here, by suitable interpretation of the force 9' in the 
momentum equation (37) and of the heat source Q' in Eq. (38) for the 
pressure. The force is derived from a stress tensor t , and the heat 
source is associated with the heat flux vector q; the fluctuations are 

9' v = V • V' (103a) 

Q' v = V • g' (103b) 

where subscript v denotes viscous effects. 

The contributions from these terms to the formula (88) for the growth 
constant are 

a v = ^=\^^-\ i^(V-r dy 
2w n pE 2 n [a C V J T)„ 

+ J T- (V • V)^ ■ Vi|i„ dv\ (104) 



Both q' and V' are significant only in the thin acoustic boundary layer 
adjacent to the wali. If the layer thickness is sufficiently small compared 
to the radius of curvature of the wali, we may treat the viscous processes 
as in parallel flow past a flat plate. Let y denote the coordinate normal to 
the wali, measured positive inward, so that the element of volume near 
the surface is dV = dy dS. Within this approximation, only the y component 
of q' is nonzero, and so 

Q = % (105) 

dy 

The viscous stress is parallel to the surface and varies only in the y direction: 

9 = k (106) 

where k is the unit vector in the flow direction, say, z. 

Within the acoustic boundary layer, 4i„ and Vijj„ are approximated by 
their values at the surface and depend only on z. Hence, the volume 
integrals in Eq. (104) may be written as 



ihV • q dV - I f dSt n j ^ dy = - | | qj,„ d.V (107a) 
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F' • dV ~ /j dS V^„ • | ^ k dy = - j j r w ^ d5 (107b) 



Far from the surface, both q' y and j' y vanish so that the integrals may be 
extended to y — > oo as shown. The viscous stress at the wali is t w = - (|xdw/ 
by) w , where u' is the velocity fluctuation in the direction of flow and the 
heat flux is q w = — (kbtlby) w . Hence, the formula (104) becomes 



2a) 



1 / 3w\ ' d\\> n 



^l^»).*"* (108) 

The solutions for the velocity and temperature fluctuations in the acoustic 
boundary layer are 

u' = w^l - e~^]e' w (109a) 

T' = fjl - e -v7vx^ e ,w ( 109b ) 
where m^, 7^ are the amplitudes far from the wali and 

X = l (1 + 0 (HOa) 



8 = v^W^ (HOb) 

Thus, 8 is roughly the thickness of the acoustic boundary layer, and the 
factor (1 + i) in k represents the existence of shear waves within the layer. 
From Eqs. (109a) and (109b), we have 

bu_\ = tr 1 + t \ a e iu>, ( Ula ) 
dy/ w 8 V > ^ y 

k — = - VfV(l + i)t a e iu " (lllb) 

*y/w 8 

Before these results are used in Eq. (108), the phases must be corrected. 
One way to do this is first to convert from the complex to real forms 
containing the time dependence y\ n or ■<]„. According to the definitions 
introduced by Eq. (46), the acoustic velocity outside the boundary layer 
is T\„V\\iJykl. Here we use only the component parallel to the surface; 
hence, Vi|j„ — » dtyjdz. Thus, in Eq. (lila), we must replace u^e'"" by 
■i] n (d\\ijdz)/ykl. The factor / introduces a time derivative, iu>e' Mt = b(e'°")/ 
bt, so that id x e iwt is replaced by r\ n (bty n lbz)lyu n k 2 n . But to the order required 
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here, r\ n ~ -co^, and Eq. (lila) becomes 

du'\ u. 1 d\\s n 

*^y~) w = iW.^' "-^"^ (112) 

Outside the boundary layer, the temperature is related to the pressure 
by the formula for isentropic variations and 

TL = y-l p' 
T y p 

with p' = pT\ n \\>„. Accordingly, Eq. (Hlb) is written as 

^M^M-)*" (ii3) 

Now, set r\ n = r\ n e i{ *"' in Eqs. (112) and (113), take the real or imaginary 
parts as required, and substitute in Eq. (108) to find 



V^W2 f f 

inert 
surface 



V/v 



dS 

(114) 



For generality, dtyjdz has been replaced by the gradient V| ( of 4>„ parallel 
to the wali. For a longitudinal mode in a straight cylindrical tube, ty„ = 
cosk n z, and Eq. (114) gives the well-known result for the decay constant 
for a standing wave: 




(115) 

where D is the diameter of the tube. 

Figure 2 shows one way of presenting the content of Eq. (115). The 
decay constant for a standing wave in a tube is made dimensionless by 
referring its value to the frequency. Note that the dependence on Prandtl 
number is very weak; the value -y = 1.2 is typical for combustion products 
in a solid rocket. 

The dimensionless combination co/a is 2tt times the number of cycles 
required for the amplitude of oscillation to be reduced to l/e of its initial 
value. That interpretation is readily established from the definition of a, 
the p' ~ e~ at . The number of cycles executed in the time interval At is M 
t and t = 2it/w. Hence, one can write 

A; a At 

aAt = ctT — = 2tt 

t w T 

The amplitude is reduced by the factor l/e if aAt = 1; the last equation 
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Fig. 2 Attenuation of acoustic waves by viscous damping. 



then gives 



— = 2it — = 2tt x (number of cycles) (H6) 
a t 



D. Attenuation Due to Condensed Material 

Particularly if the propellant contains metal, some of the combustion 
products appear as condensed liquid or solid particles. Under suitable 
circumstances, the viscous interactions between the particles and the gas 
may provide a significant dissipation of acoustic energy. For rockets using 
metallized propellants, this is often the largest contribution to stability of 
small-amplitude oscillations. The amount of damping depends mainly on 
three quantities: the mass fraction C m of condensed material, the size of 
the particles, and the frequency of the oscillations. Perhaps the most sig- 
nificant practical consequence of the analysis summarized here is the result 
that, for a given frequency, there is a particle size (diameter) for which 
the attenuation per particle is maximum. That conclusion has been con- 
firmed in practice and is the basis for one important means of treating 
instabilities in motors. 

Attentuation of sound by suspended particles in a gas was first treated 
theoretically more than 75 years ago. The modern theory began with the 
work of Epstein and Carhart. 20 A simplified analysis and experimental 
confirmation of the results have been provided by Temkin and Dobbins. 21,22 
The calculations discussed here constitute an alternative method fitting 
naturally in the approximate analysis. Extensive work by Kraeutle et al. 23 
has shown that this approach works in practice. 
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The linear gas/particle interactions arise from Eqs. (18a) and (18b) writ- 
ten to first order in the fluctuations: 

8F; = -P p ~ (H7a) 

8g;=-p,C^ (117b) 

The parts of JF and P' due to these terms only are found from the linearized 
forms of Eqs. (28) and (29): 

9' p = 8^ = - p p ^ (118a) 

~^Ty^ (U8b) 



Thus, Eqs. (97) and (98) give the contributions to the frequency shift and 
the growth constant: 

V*. iV\ (119) 



pJ 1 



dt 



«f = 0 - F2 I — tT C Pp — — £ 4» n dV 
2u>„p£ 2 y a c v J r\ n \ dt j 



dt 



+ pJ^(^I --^1' (120) 



We have assumed, a good approximation in most practical cases, that 
the mass of particles per unit volume, p p , and the mass fraction are nearly 
independent of position in the chamber. 

To find 8«; and ST' p , we treat the motions as locally one dimensional 
and solve the problem of single particle motion, u' p (t) and T' p (t) being the 
velocity and temperature, respectively, of a particle located in a gas having 
oscillatory velocity a' (f) and T (t). Temperature gradients within a particle 
are ignored. See, for example, Rangal and Sirignano 5 for a discussion of 
problems in which this assumption is not made. Moreover, we also ignore 
the effects of vaporization and combustion of the particles. In the absence 
of combustion, condensation or vaporization causes increased attenuation 
of acoustic waves. 24,25 We assume tentatively that the motions are such 
that the Reynolds number based on the relative speed, \u' p - u'\, is less 
than unity. The approximation of Stokes' flow then applies, and the equa- 
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tions of motion are 

di/' 18u. 

(< - u') 



du' p 18|x 



df p. s Ca 2 1 p ; 

where is the velocity in the same direction as u' and <r is the particle 
diameter. These equations can be rewritten as 

The relaxation times are 

T - - w» <122a) 

With u' = (r\ n /ykl)V\\i n and T' /f = (7 - 1)ti„i|;„/7, the steady-state 
solutions (? — » m) to Eqs. (121a) and (121b) are 

8«; = X l (r ]n - tA) =L V^„ (123a) 

87; = -X 2 (t ( t,„ + ^) 1 ^-T^ n (123b) 

Dependence on frequency and particle properties is contained chiefly in 
the two functions X l and X 2 : 

Z, - ^ <124a) 

^ 2 = (i24b) 

where Cl d = <o„T d and Cl, = cd„t ( . For use in Eqs. (119) and (120), the time 
derivatives of Eqs. (123a) and (123b) are required. This produces terms 
containing r\„ and f|„. To be consistent, we replace f|„ by —^y\„ and, 
after setting r\ n = r\ n e"° n ', we eventually find the results 



1 C„ 

a P = 



21 + C„ 



(125a) 
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8d)r 



1 C„ 



21 + C„ 



AV + (7 



(125b) 



Equations (125a) and (125b), normalized to the angular frequency u>„, 
are plotted in Figs. 3 and 4 for longitudinal oscillations. The independent 
variable is a) n 7 d , 2tt times the ratio of the relaxation time for relative motion 
[see Eq. (122a)] to the period of the motion. According to Eq. (122a), the 
dominant influence on the relaxation time is the particle diameter r d ~ a 2 . 
For typical solid propellants and operating conditions, the diameters of 
particles may range from fractions of a micron to tens of microns. The 
results shown in the figures have been computed for longitudinal oscilla- 
tions in a chamber of constant cross section, and so i|j„ = cosk n z = cos(twz/ 
L). In this case, Eqs. (125a) and (125b) reduce to 



1 C 



a P = 



5o) P = 



2 1 + C„ 



X, + ('y 



2 1 + C„ 



a d X, + (y - 1) =r Sl,X 2 



(126a) 



(126b) 



The most striking feature of the curves in Fig. 3 is that, for a fixed value 
of mass loading C m , the dimensionless attenuation constant has a maximum 
value. That is, according to the interpretation expressed by Eq. (116), the 
number of cycles of oscillation required to reduce the amplitude by l/e is 
minimum. Thus, for a fixed frequency, there is a best value of relaxation 
time, that is, particle size, for obtaining maximum attenuation. This result 
has served as a successful practical guide to treating combustion instabilities 
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Fig. 3 Attenuation of acoustic waves by small particles suspended in a gas. 
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Fig. 4 Frequency shift of acoustic oscillation by small particles suspended in a 
gas. 



in motors. Addition of inert particles having appropriate sizes, or altering 
the propellants in other ways, has reduced the amplitudes of oscillations. 

Figure 4 shows a strong dependence of the frequency shift on both 
particle mass loading and on co„T d or, as reasoned earlier, on particle size. 
The behavior is better understood by recognizing that, in a fixed geometry 
(here a tube, length L), the wavelength is fixed so that, from the funda- 
mental relation a = f\ = o>\I2t\, a frequency shift is equivalent to a change 
in the speed of sound: 

— = — (127) 
w a 

Note especially in Fig. 3 that, as w„T d approaches unity, when the atten- 
uation constant is maximum, the change in the speed of sound is not a 
small perturbation if the particle mass loading is greater than 0.5. The mass 
loading as a function of aluminum content |x in the solid propellant is given 
by the formula 

1.89|x 



r = 



1 - 1.89|x 



If the propellant contains 15% aluminum = 0.15), C m = 0.4, sub- 
stantial shifts in the speed of sound occur. That is why this effect of particles 
was included in the formulation of the conservation equations [Eqs. (24- 
26)]. The speed of sound given by Eq. (23), has the value shown in Fig. 
4 for w„T rf — * oo. 

The dependence of the frequency shift on a)„T d may be interpreted as 
follows. According to Eq. (122a), the re!axation time is proportional to 
the square of the particle diameter, and so oo n T d ~ w„ct 2 . For low frequencies 
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or small particles, w„T d — * 0; according to Fig. 4, the frequency shift and 
change in the speed of sound, Eq. (127), vanish. In either case — slow 
unsteady motions with finite particle sizes or vanishingly small particles 
exposed to unsteady motions — the viscous losses in the flow about the 
particles become negligible. Hence, there can be no frequency shift, a 
result to be expected by analogy with the behavior of the resonant fre- 
quency of a classical mass/spring/dashpot system. 

On the other hand, if the frequency is relatively high, even with small 
particles, or the particles are large, the viscous stresses cause substantial 
motions of the particles. When oi n j d is sufficiently small, the particles follow 
the gas motion very closely. The gas/particle mixture then behaves as a 
single fluid having density equal to the sum of the mass of gas and con- 
densed material per unit volume, Eq. (19), but the compressibility is pro- 
vided by the gas. Hence, the speed of sound assumes the equilibrium value 
given as Eq. (23), with mass-averaged thermodynamic properties. 

The preceding results rest crucially on the assumptions of Stokes' flow 
and rapid decay of transient motions so that Eqs. (123a) and (123b) apply. 
It is an easy calculation to show that the Reynolds number based on the 
relative velocity exceeds unity for realistic particle sizes (1 — 10 jjl) and 
quite modest amplitudes of oscillation. Hence, it appears that a nonlinear 
analysis of gas/particle interactions is required to cover conditions arising 
in practice. However, in all current applications, including the SSP pro- 
gram, 17 the linear results are used. Kraeutle et al. 23 based their experi- 
mental confirmations on the assumption of linear behavior, and it is likely 
that nonlinear effects cannot be detected within the experimental 
uncertainties. 

The only calculations of the attenuation constant including nonlinear 
effects 26 show that the linear results tend to be conservative. For a fixed 
frequency, increasing the amplitude of oscillation broadens the curves in 
Fig. 3 and moves the peak to slightly larger particle size; the maximum 
value of the attenuation is practically constant with amplitude. More re- 
cently, Levine et al. 27 have produced some interesting results for the damp- 
ing of nonlinear waves but with linear gas/particle interactions. The problem 
of nonlinear attenuation probably merits careful analysis, but the prospects 
are not especially promising for experimental verification. 

E. Mean Flow/Acoustics Interactions 

In classical acoustics, the presence of a nonuniform flowfield has usually 
been examined in connection with refraction of sound waves. For a sta- 
tionary observer, the flow speed appears as a change in the speed of sound, 
which may be interpreted as a shift in the index of refraction. That effect 
must be present in a combustion chamber, but when the acoustical motions 
are approximately stationary waves, it has not been helpful to try to isolate 
that influence. In addition to refraction, there are several phenomena of 
mean flow/acoustics interactions that, after spatial averaging, combine to 
provide the term i}» 2 « • n in the last integral of Eqs. (86) and (88). 

The term in question appears to be simply the convection of acoustic 
energy by the mean flow through the boundary surface. It leads eyentually 
to the contributions M b in Eq. (99) for the burning surface and M N in Eq. 
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(100) for the exhaust nozzle. However, it is important to realize that the 
term i|> 2 w • n arises from several parts of Eq. (84) and includes contributions 
from interactions of both the acoustic velocity and pressure with the average 
flow. They may be traced back to terms like u ■ V u' + u' ■ Vm, h • V p' , 
etc., in the linearized conservation equations. That is, there are losses and 
gains of acoustic energy associated with processes within the volume as 
well as at the boundary. The final result is simple but has a complicated 
ancestry. 

On the other hand, as Cantrell and Hari 28 have shown, the same result 
is obtained if one formulates the global balance of acoustic energy for the 
chamber: the rate of change of acoustic energy within the volume equals 
the net flow of enthalpy through the boundary. The advantages of this 
approach is that the formula for the growth constant is obtained more 
directly; and it is quite easy to obtain the result valid to higher Mach 
numbers of the mean flow. The disadvantages are that the result for the 
frequency shift is not found; and, more important, other volumetric pro- 
cesses involving exchange of energy between the acoustic and mean flow- 
fields are not easily included. Moreover, that formulation does not provide 
a basis for analyzing the dynamical nonlinear behavior of instabilities. 

The mean flow/acoustics discussed so far are those associated with the 
existence of standing (or slowly varying) waves in a nonuniform but con- 
tinuous mean flowfield. If the chamber contains obstructions or rapid changes 
of the boundary shape, the mean flow may separate, causing shear layers 
that are usually unstable and produce vortex shedding. Interactions be- 
tween the vortices and the acoustic field are another source (or sink) of 
acoustic energy. Direct coupling between vortices and the acoustic field 
was first suggested by Flandro and Jacobs 29 as a possible cause of insta- 
bilities. However, the coupling is weak — the vortices appear as quadrupole 
sources — and this is probably not an important mechanism in practice. 
Culick and Magiawala 30 used simple apparatus to show that, if the vortices 
strike a barrier downstream, resonances are easily excited in a duet. This 
mechanism was investigated further by Nomoto and Culick, 31 Flandro and 
Finlaysen 32 and Aaron and Culick, 33 and was confirmed by Dunlap and 
Brown 34 for flow in a scale model of an operational roeket. Extensive 
results have been reported by Schadow et al. 3S for flow in geometries 
appropriate to ramjet combustors. The most recent and thorough analysis 
of this phenomenon has been given by Flandro. 36 

It appears that interactions between vortices and the acoustic field will 
not produce instabilities having large amplitudes. The likely reason is that 
the source of energy (the mean flow) is relatively small compared with 
that associated with combustion processes, and the coupling between the 
vortices and the acoustic field is weak. However, the point has not been 
proved — not even upper bounds on the possible amplitudes have been 
established. Vortex/acoustics interactions can cause instabilities, which may 
be troublesome even at low amplitudes if they fail in an undesirable fre- 
quency range. We shall not diseuss them further because the subject still 
contains unresolved issues not suitable for diseussion in this brief survey. 

There is another contribution from mean flow/acoustics that does not 
arise in the three-dimensional analysis given earlier and that is often a 
significant contribution to stability. It is associated with interactions near 
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the lateral boundary when the acoustic motions are parallel to the surface 
and the mean flow is perpendicular. First discussed by Culick, 8 it has since 
acquired the name "flow-turning." This contribution to the loss of acoustic 
energy follows as a natural consequence of the one-dimensional analysis. 
It may be regarded, approximately, as the unsteady counterpart of the 
pressure loss accompanying flow in a duet with mass addition at the bound- 
ary (see, for example, Ref. 37, p. 234). 

The formula for the complex wave number with the one-dimensional 
approximation is found by assuming the time dependence e mkt and using 
Eqs. (56) and (57). Corresponding to Eq. (82) for three-dimensional mo- 
tions, we find 



k 2 = B + 



— \\ Lk 
pE 2 [J o r\ e 



i\> e S c dz + 



k 



(128) 



Although there are additional contributions associated with the flow of 
partieles inward at the lateral boundary, we shall treat only a pure gas flow 
to simplify the results. Then 3^ = &> ls in Eq. (34) and 9 l = < 3' u in Eq. 
(35). The linear fluctuations of 3P ls and P u are 



m b dq 



<3>[ = 



u = [yRT'm b + yRTm' h + yRATfr b ] dq 



(129) 



(130) 



where AT S - T s - T is the difference between the temperature of the 
flow injected at the boundary and that of the bulk flow. The value of 
ATj depends theoretically on the model chosen for unsteady combustion 
of the solid (see, for example, Culick 19 and Krier et al. 38 ). Its value for 
actual systems is not known. The temperature fluetuation in the chamber 
is approximated by the value for isentropic motions, T' = (y - l)(T/-yp)p' , 
so that the definition (90) is recovered. 

Without the nonlinear terms in the definitions (52a) and (52b), the for- 
mula (128) becomes 
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The last term in brackets represents the effect of injecting flow having 
axial speed at the boundary; for a burning solid propellent, this should be 
close to zero and will not be included here: we set u s = u s = 0. 

The first term in brackets, in Eq. (131), corresponds exactly to the first 
term of Eq. (86). It represents the influences of fluctuating flow normal 
to the boundary, and the net effect of several mean flow/acoustics inter- 
actions, including convection through the boundary. The second term can 
be put in the same form with the following calculations. From the definition 
of mass flux, we have m b = p s u b + p s u b , and with the perfect-gas law, 
pjp s = p/p - t s /T s . Then, replace t s by the definition (90) of AT S , and 
rearrange the result to find the identity 



1 m 



_ At s \ _ u b 1 _ 
u b -=r = — + - u b ty t 



(132) 



We assume p s = p and, after the preceding observations have been ac- 
commodated, Eq. (131) becomes 



k 2 = k 2 t + 3— \ ipak e 
pE 2 e 



~x\i e + - uifi }S C 



L 

- ipakt r (t + -u b A? t \ dqty ( S c dz 



(133) 



This result should be compared with Eq. (86) for the three-dimensional 
case. The first two terms here may be deduced directly from the surface 
integral in Eq. (86). Careful analysis shows that there is one-to-one cor- 
respondence between all terms in the two cases, including those repre- 
senting the influences of particulate material, except that the last term in 
Eq. (133) is new. That is what has come to be called the "flow-turning" 
effect. 

The term "flow-turning" has been used because the term in question 
arises from the inelastic acceleration of injected fluid from its initial di- 
rection perpendicular to the surface, to its final state parallel to the surface. 
This process necessarily involves viscous stresses in the actual flow and 
therefore produces losses of energy (see Culick 39 for further comments). 
The formulation within the one-dimensional approximation is indeed merely 
an approximation to the correct representation. No more precise analysis 
of the phenomenon exists although some relevant numerical analysis is in 
progress. 40 Attempts to measure the associated losses have produced only 
qualitative confirmation. 41 

It is particularly important to emphasize two points: the acoustical energy 
loss associated with the flow-turning effect is often a substantial contri- 
bution to the stability of longitudinal motions in a motor, and the flow- 
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turning losses are distinct from those associated with the acoustic boundary 
layer discussed in Sec. IV. C. The second item has often been misunder- 
stood. Flandro 61 carried out an analysis that essentially accounts for the 
influences of injected flow on the acoustic boundary layer. Because the 
flow far from the surface is in the perpendicular direction, in that calcu- 
lation, there is no possibility of capturing the flow-turning effect. 

The real and imaginary parts of Eq. (133) give the shift of frequency 
and attenuation constant corresponding to Eqs. (87) and (88): 




(134) 



(135) 



These formulas show that the flow-turning effect, represented by the 
last term in Eq. (135), does not contribute to the frequency shift. Like the 
surface terms proportional to ui\$, it affects only the attenuation constant. 
Culick 3 has argued that the energy losses due to flow-turning must arise 
whenever the acoustical velocity is parallel to the burning surface. Con- 
sequently, the term should be interpreted as an energy loss per unit area 
of surface and should be included in the analysis of all combustion insta- 
bilities. The reason it does not appear in the usual three-dimensional the- 
ory, developed earlier, is that viscous effects have been ignored. As we 
noted earlier, the flow-turning loss arises within the one-dimensional anal- 
ysis as an approximation to essentially viscous effects. The point is not 
universally accepted: see, for example, Van Moorhem, 42 who seems to 
have misinterpreted some of the essential aspects of the analytical frame- 
work described here. 

F. Influence of Geometry on the Classical Mode Shapes, 
One-Dimensional Motions 

Although unsteady physical processes contribute to frequency shift and 
distortion of the mode structures, the first-order influences are generally 
due to the geometry of a combustion chamber. For practical applications, 
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computation of the classical mode shapes is a necessary and often expensive 
part of a stability analysis. It is possible to obtain accurate results using 
finite difference or finite element methods. The expense is associated chiefly 
with constructing a suitable grid. To illustrate the matter here, we restrict 
ourselves to examples of one-dimensional motions. Laboratory tests have 
shown that the approximation works well for practical configurations. 43 44 

We consider the case illustrated in Fig. 5, a chamber in which the re is 
a single abrupt change of cross-sectional area. The geometry is character- 
ized by two parameters: the area ratio Si/S 2 , and the location L J L, at 
which the area changes. Often, the exhaust nozzle may cause a significant 
frequency shift, an effect that can be interpreted in first order as a shift 
AL of the velocity node at the exit of the chamber. We account for this 
contribution without extra labor by considering the length of the chamber 
to be slightly increased. The total length L is measured from the rigid head 
end to a position displaced by the amount AL in the convergent section 
of the nozzle, as sketched in Fig. 5. 

Purely longitudinal modes may be constructed by superposing leftward- 
and rightward-traveling waves. The amplitudes are constant in a uniform 
section but suffer abrupt changes at a discontinuity of area. At a discon- 
tinuity, the acoustic pressure and mass flux must be continuous. The bound- 
ary conditions are that the axial velocity must vanish at the forward and 
aft ends, z = 0,L. Within the /th uniform section, we represent the acoustic 
pressure and velocity as 



El 
yp 



a 



p + g-ikz + p- g ikz 



p + e -ikz _ p-gikz 



(136a) 
(136b) 



where the superscripts denote rightward ( ) + and Ieftward ( ) ~ traveling 
waves. The coefficients P f , — P~ in the formula for the velocity are set 
by satisfying the unperturbed acoustic momentum equation. 
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To satisfy u[ = 0 at z = 0, P x = P x in Sec. I, and to meet the condition 
u 2 = 0 at z = L, P 2 = P 2 e~ akL in Sec. II. Continuity of pressure at 
z = L] requires 

p+ [g -.*£., + e iAL!j = p+[g-ifcLi + e ik{Lx-2L)} ^37) 

For continuity of acoustic momentum at z = L x , u[S x = u' 2 S 2 because the 
average density is uniform. This condition is met if 

P+[ e -tku _ c /ftti]5 i = />+[ e -*ii - g.^i-2i.)]5 2 ( 138 ) 
Equations (137) and (138) have nontrivial solutions for and P 2 if 

1 i „;2*Li C 1 i p i2k(L\ — L) 

£JL± = £li_ZJ: C 139 ) 

^ _ e aku S 2 l — e' 2k< - Ll ~ L ^> v- 1 -^; 

This is the equation for determining the dimensionless wave number kL 
as a function of the two parameters L/L and S 2 /S 1 . 

Some numerical results for kL/i: are shown in Fig. 6. Note that these 
have been computed for the fundamental mode: kL = tt for all L X IL when 
5 2 = 5j. On physical grounds, the value of AL for particular values L X IL 
= X., 5j/5 2 = cr must also be obtained for L/L = 1 - X and S 1 /S 2 = 
l/a. That constraint helps explain some of the behavior shown by the 
curves. Similar plots can of course be prepared for higher modes. This 
example has been chosen to be a simple illustration. The idea has been 
elaborated in more detail for, among other things, application to T- 
burners. 43 ' 45 
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It is equally easy to show the influence of the exhaust nozzle. Now we 
consider a uniform chamber. Suppose that the head end admits fiow through 
a choked porous plate that imposes the boundary condition u' = 0 at 
z = 0. The entrance of the nozzle is assumed to f air smoothly to the 
chamber, as shown in Fig. 7, and sets a boundary condition expressed in 
terms of its admittance function, A N = (u'/a)/(p'/-yp) at z = L. We assume 
that the flow is uniform in the chamber, with Mach number M. Then a 
stationary longitudinal mode can again be represented as the sum of right- 
ward- and leftward-moving waves: 

E- = [p+ e -iKz + p - e iKzy(nt+MKz) (140a) 
W 

*L = [P + e~ iKz - P~ e iKz] e W> + MKz) (UOb) 

Satisfaction of the boundary conditions at z = 0,L again gives two equa- 
tions for P + and P~ . Nontrivial solutions exist if the wave number satisfies 
the equation 

l _ e i2KL 

1 + e a„L = A n (141) 

where 

K k 1 co - ia 

K " 1 - W - a 1 - W (142) 

Because A N is complex, so too is K. 

The result Eq. (141) must be solved numerically, giving exact results 
affording useful comparison with the approximate results found earlier. 
With only the contribution of the nozzle retained, Eq. (97) gives the fre- 
quency shift 




z 



A e = 0 ai z = 0 ; A N = A ( N r '+ i ' at z = L 
Fig. 7 Schematic of a combustion chamber with uniform mean flow. 
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For a straight tube, v|»„ = cos(nirz/L), giving El = S N L/2, and for A N 
uniform over the nozzle entrance, 

a) a - Wn =-^A» (143) 

where subscript a shows this to be an approximate value. 

Equation (100) contains only those terms associated with the nozzle and 
entrance plane, 

<*" = -2§i J/ l A $ + M»Wn dS ~ ^ \\ MM dS 
Nozzle entrance 

We assume that the admittance is zero at the head end. Again, E 2 n = S N LI 
2; the flow is inward at the entrance, and so the terms containing the Mach 
number cancel and we find, for the decay constant, 

a a = ~~AP (144) 

Figures 8 and 9 show comparisons of Eqs. (143) and (144), with the 
corresponding results computed with Eq. (141). The error accompanying 
the approximations is less than about 5% for Mach numbers less than 0.20. 
This is confirmation, with an elementary example, of course, that indeed 
the approximate analysis is very effective. 
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Fig. 8 Dependence of frequency on the imaginary part of acoustic nozzle 
admittance function. 
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Fig. 9 Dependence of growth constant on the real part of acoustic nozzle 
admittance function. 



V. Some Elementary Aspects of Nonlinear Behavior 

We emphasized in the Introduction that combustion instabilities are a 
likely occurrence in solid-propellant rockets. Linear analysis provides a 
basis for assessing whether a particular system is unstable. The primary 
result is that small-amplitude motions are stable if and only if the losses 
of acoustic energy dominate the gains. If that is not true, then the expo- 
nential growth rate is a measure of the excess of gains over losses. 

However, linear theory provides no information about the ultimate am- 
plitudes of unstable motions. As far as these disturbances are concerned, 
the combustion chamber appears as a self-excited system. An unstable 
motion will settle down to a stable limiting amplitude only through the 
action of nonlinear processes. Given the circumstance that instabilities are 
likely, it is therefore necessary to pay attention to nonlinear behavior. For 
practical purposes, the objective is to understand what controllable param- 
eters determine the limiting amplitudes of unstable motions. 

There are actually two classes of nonlinear problems to be studied: 1) 
the conditions for existence and stability of finite oscillatory motions or 
limit cycles in a linearly unstable system; and 2) the form (e. g., amplitude 
and spectral content) of the initial disturbance that will cause a linearly 
stable system to execute limit cycles, a phenomenon sometimes called 
"triggering." Here we shall consider only the first sort of problem. 

General nonlinear behavior is an active area of research. Here, to sim- 
plify matters, we treat only the case for purely longitudinal modes in a 
chamber having a rigid head end and a choked exhaust nozzle. Then the 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



STABILITY PREDICTIONS IN ROCKET MOTORS 765 



classical unperturbed modes are those for a closed-closed chamber, having 
frequencies that are integral multiples of the fundamental, a)„ = nm 1 . Also, 
the nonlinearities are carried only to second order in the fluctuations. The 
gasdynamic nonlinearities to this order are shown explicitly in the functions 
h and /, Eqs. (40) and (42). Because there are really two parameters 
characterizing the gasdynamic motions — the Mach numbers of the average 
and fluctuating flows — there is no unique set of nonlinear equations, a 
fact that becomes apparent when the expansion is carried tojhird order. 
We must then decide, for example, whether terms of order M(M') 2 are of 
the same order as those of order (M') 3 . Such questions, as well as possible 
difficulties in analysis of motions not purely longitudinal, lie outside the 
scope of this discussion. We shall ignore all other nonlinear processes, 
although the framework developed in Sec. III will accommodate any non- 
linear contribution arising in practice. 

The nonlinear terms in the functions h and/, Eqs. (40) and (42), must 
now be retained. After the expansions (45) and (46) have been substituted, 
the forcing function F„, defined by Eq. (49) becomes a nonlinear function 
of the amplitudes r\ n . Hence, Eq. (48) represents a set of coupled nonlinear 
oscillators. Because only terms of second order have been retained, here, 
in h and /, the equation for t|„ is only of second order, with F n given 
explicitly by Eq. (75). 

In general, the coupled equations are further complicated because F„ 
contains a double series. A great simplification accompanies the assumption 
of purely longitudinal modes; for then the double series becomes a single 
series. After time averaging, the equations for A n (t) and B n (t) are 11 



Bi(B„_i + 5,_„ + B i+n ) 



(145a) 



d* 



= ol„B„ 



^ /=i 



+ B t _ n - B i + n ) + B{A n . 



+ A l + n ) 



(145b) 



For N modes, there are 2N equations to be solved; a simple transformation 
of the dependent variables reduces the number to 2N - 1 , a consequence 
of the freedom to set one phase arbitrarily. 46 Thus, for two modes, there 
are only three equations, and exact solution can be obtained for the limiting 
amplitudes forming the limit cycle. The same results were found previously 
with a different calculation by Awad and Culick. 47 It is apparent from Eqs. 
(145a) and (145b) that the only nonlinear parameter, p, arises as a scaling 
parameter; the values of the limiting amplitudes depend only on the linear 
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parameters (ot„, 0„) and are given by the formulas 



n = 



■a t a 2 



1 + 



29i — 0 2 



+ ( 29 1 ~ 9 2 

2aj + a 2 



2a x + a 2 

2-. 1/2 



(146a) 
(146b) 



where r„ = {A 2 „ + Bl) m . 

For a limit cycle to exist, c^c^ must be negative; that is, when the 
oscillations are steady, the energy in the motion is constant, so that one 
mode gains energy from the environment and the other loses energy. Non- 
linear processes associated with the gasdynamics have a natural tendency 
to cause energy flow from lower to higher modes. Thus, in general, smoother 
transient growth of the oscillation occurs when the first mode is unstable 
(a x > 0) and the second is stable (a 2 < 0). 

This formulation of nonlinear acoustics seems to contain much of the 
behavior observed in practice and, under the conditions for which it is 
valid, accuracy is high. Examples are discussed in the following section. It 
is beyond the intent of this chapter to treat nonlinear problems in greater 
detail. Nonlinear behavior of combustion instabilities is an important prac- 
tical and theoretical matter that remains a subject of current research. 



VI. Numerical Analysis of Combustion Instabilities 

So far, we have examined various aspects of linear and nonlinear com- 
bustion instabilities in solid-propellant rocket motors as well as a method 
of approximate solution. Although these analytical methods pro vide direct 
and economical means of assessing the influence of each contributing mech- 
anism in a formal and systematic manner, they sometimes suffer from 
lengthy formulation and cannot represent with full precision the detailed 
physicochemical processes involved. This is particularly true for cases in- 
volving complicated geometry, steep-fronted waves, and nonlinear com- 
bustion response. On the other hand, numerical analysis is intended to 
obtain the "exact" solution to the set of conservation equations [Eqs. (7- 
10)], subject to the appropriate initial and boundary conditions. The results 
can therefore be used to check the accuracy of the approximate analysis, 
which is more conveniently used for routine calculations and for formal 
theoretical work. Thus, a complete treatment of motor stability charac- 
teristics should include both analytical and numerical approaches. In this 
section, a brief review of the numerical calculations of longitudinal oscil- 
lations is given. 

Several studies (Refs. 48-51) have been devoted to the numerical anal- 
ysis of longitudinal combustion instabilities in a solid-propellant rocket 
motor. Ali of the formulations in these studies are based on the unsteady 
one-dimensional equations of motion for a two-phase flow. Levine and 
Culick 48 appear to have been the first to treat a problem of this sort, using 
the method of characteristics. The purposes of the original works were to 
assess the feasibility of obtaining complete nonlinear numerical solutions 
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to longitudinal instability problems and to compare the results with those 
of the approximate analysis. Therefore, the model was deliberately kept 
simple, with linear analysis of the transient propellant burning rate re- 
sponse. After successfully demonstrating several salient characteristics of 
a nonlinear system, in particular, the existence of limit cycles, some of the 
assumptions and restrictions of the model were relaxed in order to establish 
an analytical capability to analyze or predict the stability behavior of a 
wide range of solid rocket motor configurations. The analysis then pro- 
gressed in several areas. 49 First, for reasons of computational efficiency 
and accuracy, a finite difference technique was adopted in place of the 
method of characteristics. Second, more complete treatments of particle 
size distribution, nozzle flow, and nonlinear combustion response were 
included. Third, in order to accommodate more general and realistic grain 
geometry (such as variable cross-sectional area and arbitrary cross-sectional 
shapes) within the structure of the instability model, the equations of mo- 
tion and boundary conditions were generalized. Thus, with an appropriate 
treatment of the unsteady burning mechanisms of propellants, the analysis 
offers the potential to predict motor instability behavior. As part of the 
verification, a series of motor instability calculations was carried out and 
compared with experimental data obtained with small laboratory pulse 
motors. The influences of pulse strength and propellant combustion re- 
sponse on the limiting amplitude of pressure oscillations have been ex- 
amined at considerable length. 

The analysis developed by Levine and Culick 49 provides a firm basis for 
studying longitudinal combustion instabilities and has been successfully 
applied to other related problems, including nonlinear particle damping 
and nozzle flows. However, as a result of the numerical scheme used, the 
program was incapable of treating pulse-triggered combustion instabilities, 
or the multiple-shock, steep-fronted type of instabilities that often occur 
in reduced and minimum-smoke tactical motors with variable cross-sectional 
area. In order to study these problems faithfully, a suitable numerical 
scheme must be developed to preserve the complete spectral information 
of the waveforms, minimize the numerical dissipative and dispersive errors, 
accurately describe shock and rarefraction waves without generating non- 
physical oscillations in the vicinities of discontinuities, and properly treat 
the wave reflection and transmission at area discontinuities. For quasi-one- 
dimensional longitudinal instabilities, the self-adjusting hybrid scheme with 
an artificial compression correction 52 ' 53 appears to be the best option to 
fulfill these requirements, and has been incorporated in improvements of 
the original nonlinear analysis. 51 The scheme consists of a second-order 
Lax-Wendroff scheme and a hybrid operator that switches automatically 
and smoothly to a first-order approximation in narrow shock regions, in 
accordance with the local density gradient. It therefore possesses the merits 
of both first- and second-order schemes, yielding nonoscillatory shock tran- 
sitions and accurate results in smooth regions. The spurious pre- and post- 
shock oscillations produced by second-order finite difference approximations 
can be completely eliminated. 

This approach has proved robust and can treat the propagation of a 
traveling shock wave over many wave cycles without introducing significant 
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diffusive or dispersive errors. Because of its remarkable shock-capturing 
feature, the hybrid scheme has been widely used by Levine and Baum in 
their study of pulse-triggered combustion instabilities. 54 ~ 56 Later, Levine 
et al. 27 also employed this program to calculate the nonlinear particle 
damping produced by traveling longitudinal shock waves in a simulated 
motor environment. 

Although the one-dimensional analysis developed by Baum and Levine 51 
appears to accommodate most of the essential features of nonlinear lon- 
gitudinal combustion instabilities (e. g., waveform evolution, growth and 
decay rate, dc shift, limiting cycles), it requires empirical adjustment of 
the velocity-coupled combustion response to obtain the best possible agree- 
ment with the experimental observations. To enhance the basic under- 
standing of the problem and therefore improve the predictive capability 
of the analysis, further research is required on the multidimensional in- 
teractions of propellant combustion response and the oscillatory flowfields 
in a motor environment, since velocity coupling is a multidimensional local 
phenomenon that depends on mean flow properties, characteristics of flow 
oscillations, and thermochemical properties of propellants. The conven- 
tional one-dimensional approach does not provide meaningful results for 
this subject. 

To date, multidimensional numerical analysis of motor instability has 
not been worked out although most of the groundwork has been set. The 
major difficulty lies in the lack of computational capability and the mod- 
eling of various physical mechanisms. With the exception of the works by 
Yang et al. 15 and Vuillot and Avalon 62 for studying the velocity-coupled 
flow oscillations in a simulated rocket motor environment, most of the 
numerical efforts have been limited to investigation of internal flowfields 
under steady-state conditions. 57,58 Yang and his co-workers considered a 
case involving a two-dimensional porous chamber with air injected through 
the walls to simulate the evolution of combustion products of solid pro- 
pellants. The theoretical model is based on the full time-dependent com- 
pressible Navier-Stokes equations and is solved numerically by means of 
finite difference algorithms. The results indicate that the multidimensional 
effects play important roles in determining oscillatory flow characteristics. 
The waveform and phase distribution of acoustic oscillations depend greatly 
on the local flow structures. The classical one-dimensional theory failed 
to describe several important mechanisms associated with acoustic wave- 
induced flow instabilities. Extension of the work to cases including burning 
propellants is given in Ref. 63. 

It is inappropriate here to reproduce the details of the numerical analysis, 
which is thoroughly discussed in the references cited. However, to complete 
this brief survey of methods for predicting combustion instabilities, it is 
useful to give the results of an example illustrating comparison with the 
approximate analysis. The example chosen is a straight cylindrical motor 
with port fairing smoothly into a choked nozzle. Values of the geometrical 
and physical properties are listed in the Appendix. The conditions have 
been chosen so as to cause the fundamental mode to be unstable; all higher 
modes are stable. 
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Numerical analysis of the transient development of the motion following 
an initial disturbance was computed with the computer program developed 
by Baum and Levine, as reported in Ref. 51. Two cases have been treated: 
with and without flow-turning losses included. The initial disturbance has 
the form of the fundamental classical mode of the chamber, having an 
amplitude 5% of the mean pressure. Figure 10 shows that the unstable 
oscillations eventually reached a limiting amplitude of about 15% of the 
mean pressure, computed for the case in which flow-turning losses are 
absent. The waveform, of course, contains all normal modes of the cham- 
ber. However, the Fourier analysis of the limiting waveform (Fig. 11) 
confirms that the amplitudes of the lowest modes dominate. 

For comparison, the same problem has been solved with the approximate 
analysis. Solution of Eqs. (145a) and (145b) requires calculation of the 
classical mode shapes and frequencies; then the values of the linear pa- 
rameters (ct„, 6„) can be determined by summing the contributions from 
the various physical processes. Only two modes will be considered. For 
the straight cylindrical chamber considered here, i\>„ = cos(tcttz/L), and 
the calculations are easily done. We assume that the response function for 
the burning solid is constant. Equations (102) and (97) then give 

occ = ^ (147a) 

'c 

= " f Rf = - % a c (147b) 

'c 

where 6 C = - (w - co„), as defined in Eq. (77b). The combustion response 
is calculated using the approximate result obtained by Denison and Baum 18 
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Fig. 11 Power spectral density of acoustic pressure. 
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and reviewed by Culick 19 ; the numerical values used here are shown in 
Fig. 1. 

We assume that the area of the entrance to the nozzle equals the port 
area and that the nozzle responds quasistatically, so that its admittance 
function is real: A$ = (y - l)M N /2 and A$ = O. 59,60 Hence, Q N = 0, 
according to Eq. (97), and Eq. (100) gives 



«A 



(148) 



Condensed aluminum oxide is distributed uniformly in the combustion 
gases, with uniform average particle size. For longitudinal modes, the 
formulas (125a) and (125b) become 



a P = - 



6 P = 



2 1 + C, 

Cm 
2 1 + C„ 



i + o? d 
«I 



+ (y - 1) 



c a, 



c p i + m. 



i + n 2 d n } c p i + a? 



(149a) 



(149b) 



With the data given in the Appendix, we find in Table 1 the values for 
ot„ and 0„ characterizing the first five modes in the absence of flow-turning 
losses. Ali values of (a„, 9„) have units s -1 . The total values are listed in 
Table 2. 

Solutions have been obtained for the transient behavior following an 
initial disturbance having the spatial distribution of the first mode: B^O) 



(&AIAA 

iLfVbVthiaBhriiBfBmimim^ Purchased from American Institute of Aeronautics and Astronautics 

STABILITY PREDICTIONS IN ROCKET MOTORS 771 



Table 1 Linear growth constants and frequency shifts 



Mode 


a c 


e. 






a P 


6p 


1 


288.1 


32.2 


-160.1 


0 


-46.6 


2.6 


2 


28.5 


80.5 


-160.1 


0 


-184.8 


20.5 


3 


16.7 


48.5 


-160.1 


0 


-417.7 


69.1 


4 


13.6 


36.0 


-160.1 


0 


-727.4 


160.5 


5 


12.0 


29.3 


-160.1 


0 


-1107.5 


305.5 



= 0.05, and all other values of A n (0), B n (0) are zero, so that 

p' (z, 0) = 0.05p cosOz/L) (150a) 

u' (z, 0) = 0 (150b) 

Figure 12 shows the evolution of the oscillation for comparison with Fig. 
10, and Fig. 13 shows the growth of the amplitudes r„ = (Al + B 2 ,) 1 ' 2 for 
the first five modes, found as the solutions to Eqs. (145a) and (145b) with 
n = 1 through 5. 

For more direct comparison of the numerical and approximate results, 
Table 3 contains the values of the frequencies and amplitudes computed 
for the first two modes. A few cycles of the limiting waveforms are plotted 
in Fig. 14. 

Note that the approximate analysis produces quite accurate values of 
the frequencies (within 3%) and that the approximate total waveform is 
reasonably close to the "exact" result except for some rippling due to the 
absence of higher frequencies. Even so, the amplitudes of the individual 
modes found with the approximate analysis agree well with those computed 
with the numerical analysis except for the highest (n = 5) mode. The 
reason for the high value (even larger than that for n = 4) is that there is 
no transfer of energy to higher modes. Because the rate of energy dissi- 
pation from the highest mode considered, represented by its attenuation 
constant, must be such that the total energy loss equals the total rate of 
energy gain, the amplitude of the highest mode must be such as to satisfy 
this condition. Even with only two modes accounted for, the frequencies 



Table 2 Total values of 
linear growth constants and 
frequency shifts 



Mode 


<*„ 


e„ 


1 


81.4 


34.8 


2 


-316.4 


100.9 


3 


-561.1 


117.6 


4 


-873.9 


196.6 


5 


-1255.6 


334.8 
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0 50 100 150 



NON-DIMENSIONAL TIME, ta/L 
Fig. 13 Time histories of acoustic pressure amplitudes. 
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APPROXIMATE SOLUTION 
NUMERICAL SOLUTION 



0.2 i- 




120 



NON-DIMENSIONAL TIME. ta/L 



Fig. 14 Comparison of calculated acoustic pressures based on the numerical and 
approximate analyses. 



and total waveform are quite well predicted. The frequencies are the same 
as for the case of five modes; Fig. 15 shows the waveform. However, the 
approximate amplitudes of the individual modes differ considerably from 
the exact values. Apparently, the phases of the two modes in the approx- 
imate solution assume values that compensate for the consequences of the 
inaccurate amplitudes. 

Some preliminary results have been computed for essentially the same 
problem but with flow-turning losses accounted for. For reasons that are 
not known at this time, the limiting behavior predicted with the approxi- 
mate analysis is markedly different from that found numerically. The fre- 
quencies are as close as those found earlier, but the approximate amplitudes 
are only about half those of the "exact" values for the case in which only 
two modes are included. The restriction to two modes may be an important 
reason for the discrepancy. The consequences of this assumption are dif- 



Table 3 Frequencies and amplitudes of acoustic pressures 







Frequency, Hz 






Amplitude, \p'lp\ 


Mode 


1 


2 3 4 


5 


1 


2 3 4 5 


Numerical 
Approximate 


926 
895 


1824 2698 3595 
1785 2683 3571 


4491 
4449 


0.151 
0.151 


0.042 0.0234 0.0203 

0.0478 0.0280 0.0153 0.0188 
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APPROXIMATE SOLUTION 
NUMERICAL SOLUTION 



0.2 




0.2 



110 



112 



114 



116 



118 



120 



NON- DIMENSIONAL TIME, ta/L 



Fig. 15 Comparison of calculated acoustic pressures based on the numerical and 
approximate analyses. 



ferent when flow turning is included because this contribution to the losses 
is independent of frequency (-73.5 s -1 for this problem). In contrast, the 
loss due to particle damping increases rapidly with frequency. Hence, for 
an accurate comparison, it may be necessary to account for more modes 
in the approximate analysis. The problem is a subject of continuing 
investigation. 

The influence of the flow-turning losses is an important matter to clarify. 
Its contribution to the decay constant is often large, but its value is known 
only by analysis based on the one-dimensional approximation to the un- 
steady motions. Here the result for a cylindrical grain is obtained from the 
last term of Eq. (135): 



Neither computational nor experimental methods have yet established the 
accuracy of this formula. 



The approximate analysis covered in this chapter seems to provide sat- 
isfactory results for linear stability. It is not possible to place any general 
bounds on expected inaccuracies for two reasons: uncertainties in the re- 
quired input data depend on the case considered, and comparisons with 
experimental results are scarce and always contain errors difficult to assess. 




(151) 



VII. Concluding Remarks 
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The greatest obstacle to improving this situation is obtaining good data for 
the propellant response function. 

Comparison with "exact" numerical solutions to the complete conser- 
vation equations is the only way to determine the truth of the approximate 
predictions for nonlinear behavior. Although only limited results have been 
obtained, it appears that nonlinear gasdynamics is commonly the process 
most influential in limiting the amplitudes of combustion instabilities in- 
volving longitudinal modes. The approximate analysis has been applied 
elsewhere to transverse modes of oscillation, giving formal results corre- 
sponding to those discussed here. However, no nonlinear numerical anal- 
ysis is currently available to treat those problems, and so no comparisons 
exist. 



Appendix 

The numerical values of the quantities required in the example discussed 
in Sec. VI are listed in the following. 



Geometrical properties: 

length L = 0.5969 m 

radius of cylindrical port r c = 0.0253 m 

throat radius r, = 0.00936 m 



Combustion properties: 

mean pressure p = 1.06 x 10 7 P a 

linear burning rate r b = 0.0078 [p/(3.0 x 10 6 )] 0 3 = 

0.01145 m/s 

parameters in the A = 6.0 

combustion response B = 0.55 

chamber temperature T = 3539 K 

mass particles/mass gas C m = 0.36 

particle diameter <r = 2 x 10 ~ 6 m 

Physical properties: 

Prandtl number P r = 0.8 
thermal diffusivity of 

propellant K p = 1.0 x 10" 7 m 2 /s 

specific heat of gas C p = 2020 J/kg K 
specific heat of condensed 

material C = 0.68 C p 

viscosity u. = 0.8834 x 10~ 4 (r c /3485) 066 = 

8.925 x 10" 5 kg/m-s 

particle density p s = 4.0 g/cm 3 = 4 x 10 3 kg/m J 

propellant density p p = 1,766 kg/m 3 

gas density p~ g = 7.97 kg/m 3 

7 (gas only) 7 = 1.23 

7 (mixture) y = + C m C/C p )]/(l + C ml CIC p ) 

= 1.18 

gas constant R = (7 - l)C/y = 377.72 J/kg K 
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speed of sound in gas/ 
particle mixture 



a = V(yRT c )/(l + CJ = 1075 m/s 



speed of combustion 
products at the burning 
surface 



u b = (p p /p)r b = 1.86 m/s 



Mach number at the 
burning surface 



M b = 0.00173 
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Nomenclature 



e 




base of natural logarithms 


f 




frequency 






pressure-coupled stability integral 


Po 




arbitrary reference pressure 


P 




motor pressure oscillation 


Pdc 




shift of average motor chamber pressure associated with acoustic 




pressure oscillations 


Plim 




peak-to-peak amplitude of acoustic oscillations 


PsO 




motor chamber pressure at the time of a pressure pulse 






pressure-coupled response function 


t 




time 


«M 




net acoustic gain or loss (motor stability term) 


a ft 




flow-turning or mean flow effects term 






nozzle loss term 


<v 




pressure-coupled contribution term 






particle damping term 






velocity-coupled contribution term 


h) 




angular frequency (2tt ft) 
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I. Introduction 



A. Background 

UNSTABLE combustion of solid-propellant rocket motors has been a 
continuing concern to motor designers, developers, and users since 
the introduction of high-energy double-base propellants in World War II. 
Originally, unstable combustion caused undesirable variations of the mean 
chamber pressure. Other effects connected with instability, such as me- 
chanical vibration of the missile, were normally not of great concern since 
the early motors were used to propel rather simple systems that consisted 
of a motor with tail assembly, a warhead, and a fuse. Today, the incor- 
poration of a variety of items that can be sensitive to mechanical vibration 
often places added restrictions on allowable combustion-generated oscil- 
lation amplitudes in solid-propulsion systems. As a result, increased em- 
phasis is being placed on predicting and controlling combustion instability 
in solid-propellant motors. Numerous sources of information concerning 
the history and development of knowledge of unstable combustion in solid- 
propellant rocket motors are available. See, for example, Ref. 1 and the 
opening chapter of this volume. 

Two broad classes of combustion instability in solid-propellant rocket 
motors can be described: 1) acoustic instability, in which one or more 
standing acoustic wave modes exists within the motor chamber, and 2) 
bulk mode instability, which involves chamber pressure variations similar 
to the oscillations in a Helmholtz resonator. Each can exhibit a variety of 
characteristics. Both are important to reliability of motor operation. Al- 
though bulk mode instability is an important aspect of solid-propellant 
motor stability, we leave it at this point and refer the reader to Refs. 2- 
4 and to other chapters in this volume for further information. 

The main topic of this chapter is acoustic instability and methods for 
predicting its presence in solid-propellant rocket motors. We begin with a 
brief description of the linear-stability approach as a means of predicting 
motor stability, and we review procedures typically required to obtain a 
stability prediction. Some case histories are then examined in which linear- 
stability predictions are made and the results compared with observations 
of motor behavior. Finally, certain aspects of nonlinear instability are ex- 
amined. 

B. Motor-Stability Analysis 

The linear-stability approach assumes that each of the acoustic energy 
gains and losses that contribute to motor stability can be individually com- 
puted from knowledge of the internal geometry of the motor and from 
knowledge of the propellant, including products of combustion. An acous- 
tic gain or loss is generally expressed as a response function multiplied by 
a stability integral. For example, the pressure-coupled term is of the form 



«pc = [Rpc\ [Ipc] 



(1) 



Some terms, such as pressure coupling, require the response function to 
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be measured. Other terms, such as nozzle loss and particle damping, have 
response functions of unity. 

The motor-stability term is the arithmetic sum of acoustic gains and losses 
in the motor under a specified set of conditions. The form used here is 

<*m= <*pc + <*« + ctft + <x pd + a n (2) 

The result is the net acoustic gain or loss for the motor. (It is possible to 
list additional terms, such as inert wali losses, vortex excitation, and dis- 
tributed combustion, but these are not discussed further here.) 

Once the magnitude and sign of the terms in Eq. (2) are known, only 
a moment is needed to determine a M . It is a simple matter of addition. 
Because of the complexity of the phenomena, however, the computations 
for determining the individual acoustic gains and losses require the use of 
a computer and a suitable program written to compute the terms. Details 
of the analysis involved in achieving such computations are found in the 
chapter by Culick and Yang. In addition to the computational require- 
ments, there is the problem of supplying certain data obtained by exper- 
imental testing. A discussion of test methods involved with determining 
response functions and particle damping is found in the chapter by Strand 
and Brown. 

When a motor-stability computation is planned, choices need to be made 
regarding motor conditions. Those choices include 1) the time(s) during 
burn and 2) the acoustic modes for which solutions are to be obtained. 
Typically, two to five times during burn are chosen, and the three or four 
lowest-order acoustic modes are chosen. A diagram showing the procedures 
required to determine motor stability appears in Fig. 1. 

The motor-stability term a M is an exponential factor that describes the 
time rate of change of oscillations in the motor. For pressure oscillations 

p = p 0 e aM ' (sinwf) (3) 




PARTICLE 
COLLECTOR 

TESTS 



ANALYZE AND 
REPORT 
RESULTS 



Fig. 1 Flowchart for motor-stability prediction. 
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The magnitude of a M indicates the rapidity of change of amplitude with 
time. The sign of a M indicates whether the oscillations grow (positive a) 
or decay (negative a). In motor-stability terminology, a motor is said to 
be unstable when a M is positive and to be stable when it is negative. (In 
the unlikely event that a M = 0, the motor would be "neutrally stable.") 

Results of a typical motor-stability prediction are shown in Table 1. In 
this example, the data are for the Space Shuttle booster motor at 80% web 
burn. The computations were performed for several acoustic modes. Pos- 
itive values in the table indicate an excess of energy (a source of acoustic 
energy gain), whereas negative values indicate acoustic energy absorption 
(an acoustic energy loss). Note that the net acoustic energy in the motor 
(a M ) is negative for each of the modes listed in the table. Therefore, 
according to the stability prediction, those modes will be stable at that 
particular point in burn. Furthermore, if one of the acoustic modes was 
momentarily disturbed, the oscillations resulting from the disturbance would 
decay at a rate given by the appropriate a M in the table. The first longi- 
tudinal mode, for example, would decay exponentially at a rate of 9.9/s. 
Testing the stability of a motor by introducing acoustic pulses is one method 
of verifying the stability of a motor. Results of pulsing solid-propellant 
motors are given in this chapter. 

Much has been written on motor acoustics and stability. The subject has 
barely been covered in this short review. Additional information is pro- 
vided in other chapters of this volume and in Refs. 5 and 6. 

II. Selected Case Histories 

Each motor design represents a unique opportunity to apply the pre- 
diction process. Unfortunately, for proprietary reasons, many motor- 
stability predictions and comparisons with test data are not readily avail- 
able. Several examples from the author's experience are discussed in this 
section. Motor types range from a relatively small research motor to a 
large booster motor. The first example indicates that even a relatively 
simple frequency analysis can be beneficial to an understanding of oscil- 
latory motor behavior. Several examples of linear-stability analysis are 
presented in which predictions are compared with motor test data. The 
discussion concludes with some observations of nonlinear behavior in a 
research motor. 

A. Is It Instability? 

This example involves a motor that showed a rich acceleration environ- 
ment when statically tested with proper instrumentation. It was suspected 
that unstable combustion was the source of vibration. The motor had been 
equipped with resonance rods during development to reduce the oscillatory 
amplitudes. Initially, the rods seemed to be effective since the motor design 
had performed satisfactorily for a number of years. As time went on, 
however, a larger than expected number of guidance system failures began 
to occur during test flights. The cause of failure was traced to a combination 
of increased acceleration amplitude in the guidance section and a new 
supplier of a component in the guidance system. 
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A map of acceleration frequency against time, which was obtained from 
static firing data, showed an apparently random scattering of data points, 
as shown in Fig. 2a. Test engineers expressed some doubts that the ac- 
celerations had anything to do with acoustic oscillations in the motor cham- 
ber. The motor, which had been developed in the decade following World 
War II, had not been subjected to a formal stability analysis, and accurate 
acoustic mode data were not available. Therefore, acoustic mode calcu- 
lations were made and the results compared with accelerometer measure- 
ments, as shown in Fig. 2b. 7 The overlapping of accelerometer data and 
acoustic frequency predictions suggested that acoustic waves in the motor 
chamber could be associated with the accelerations. A program was then 
undertaken to devise a resonance rod design that would provide for im- 
proved suppression of the oscillations in the motor chamber. The end result 
was a reduced acceleration environment for the motor. 8 - 9 Additional in- 
formation on acoustic wave-suppression techniques is found in the follow- 
ing chapter. 

B. Examples of Linear-Stability Predictions 

The following three case histories involve linear-stability predictions. 
Results of the predictions are compared with anlaysis of data from motor 
tests. 

1. Shuttle Solid Rocket Motor 

The Space Shuttle ascends into space with the assistance of two large 
strap-on solid-propellant booster motors. The booster motor by itself is 
called the "solid rocket motor," or SRM. When combined with the nose 
cone and aft skirt assemblies, the booster is designated an "SRB." The 
two abbreviations are used somewhat interchangeably in common practice. 

Motor geometry and propellant. The Space Shuttle booster motor is 
manufactured in sections, or segments, by Morton Thiokol. It is assembled 
by fastening four sections together: a forward segment, two center seg- 
ments, and an aft section. The sections are fabricated using steel cases of 
3.66 m diam. When assembled, the motor is approximately 35.1 m from 
forward closure to nozzle throat. Cutaway sketches of the motor showing 
the internal configuration appear in Fig. 3. The propellant is a composite 
formulation containing ammonium perchlorate (AP), polybutadiene acryl- 
onitrile (PBAN), and 16% powdered aluminum. 

A design feature of the SRM involves a small separation between the 
propellant grain ends at the motor segment interfaces where sections are 
joined. The grain ends are partially inhibited as shown in Fig. 4. Early in 
burn, the exposed propellant emits gases into the interface gap. As burn 
continues and the propellant regresses, the inhibitors protrude into the 
mainstream flow. The amount of inhibitor protrusion depends on both the 
time and position of the segment interface in the motor. Segment interface 
details were not incorporated into the original stability prediction as shown 
by the finite element grid used to determine the acoustic wave character- 
istics of the motor (Fig. 5). A modified version of the NASTRAN program 
was used to determine the internal acoustic characteristics of the SRM. 
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Fig. 3 Internal geometry of the Shuttle SRM. 



The program provided the necessary acoustic data for stability prediction 
and also made plots available to illustrate the distribution of acoustic pres- 
sure within the motor. 10 Figure 6 shows acoustic pressure distributions for 
the first three longitudinal modes in the SRM. 

Linear-stability predictions. For the SRM, linear-stability predictions 
were made at the Naval Weapons Center (NWC) using a stability program 
from Hercules, Inc., which was modified at NWC to suit local needs. The 
predictions took the internal geometry into account at three points in burn. 
The first point was for zero web burn, at which time the burning propellant 
surface area in the forward star is maximum. The second point was at 45% 



MAINSTREAM FLOW 
PROPELLANT 



t=0s 



■ -O, . ■ • O* 

'V . Q ; o/. 

• -'o.' * •> y' o 



• o . . 



. o . 

t= 83 s 



o. • • 

•o 'o. o '.° . - 
'o. 



0 . o > ■ . 



o 'O- o '.° 



t=0s 



•D. . ' O 
• O • 

'O,'' 

' O . 



o 0 . o 



.O'.. • • - O 

• O . o rt= 63 s' 



0 . a ■ 



o 0 . o 



— FORWARD MNHIBITOR 

Fig. 4 Motor segment interface geometry: Shuttle SRM (not to scale). 
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Fig. 5 Finite element grid for Shuttle SRM acoustic calculations: 80% web 
burn. 



web, at which time the propellant surface area in the forward star has just 
been consumed. The last point was at 80% of web. At that point, the 
surface area of the propellant remaining in the motor is near maximum 
for that portion of burn, and the nozzle loss for longitudinal modes is 
approaching minimum. A three-dimensional stability prediction was made 
using a modified version of NASTRAN to determine the acoustic mode 
frequencies and the distribution of acoustic pressure and velocity in the 
motor for each mode at each point in burn. The stability predictions used 
pressure-coupled response function data from tests conducted at United 
Technologies, Chemical Systems Division; the Jet Propulsion Laboratory; 




15.26 Hz 



31 .09 Hz 



47.80 Hz 



Fig. 6 Predicted acoustic pressure distributions: first three longitudinal modes, 
Shuttle SRM (zero web burn). 
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the Naval Weapons Center; and Morton-Thiokol, Wasatch Division. Ve- 
locity-coupled response function data were provided by the Aerojet Cor- 
poration through arrangement with the Air Force Astronautics Laboratory 
(then AFRPL). Particle damping was calculated in the program using the 
Culick-Dehority approach. 11 Particle-size distribution data were obtained 
by K. J. Kraeutle 12 using procedures previously developed at NWC. A 
summary of the stability prediction is shown in Table 2. Inspection of the 
results shows that all acoustic modes listed for the SRM are predicted to 
be stable at all three points in burn. 

Observations of motor behavior. Although the SRM stability prediction 
indicated a stable motor, examination of static firing test data showed the 
presence of low-amplitude longitudinal-mode pressure oscillations through- 
out motor burn. Although the pressure oscillations rarely exceeded 2 psi 
(0.14 atm) peak to peak (p-p), their influence on mechanical vibration of 
the booster motor was an item of considerable interest. In the SRM, a 
thrust oscillation of approximately 65,000 lb (29,250 kg) p-p is generated 
by a first longitudinal mode of 2 psi (0.14 atm) p-p. Studies of the effect 
of such vibrations indicated no adverse effects on the Shuttle. However, 
a decision was made to monitor internal pressure oscillations to determine 
a mean amplitude level and a range of amplitude variation. Details of the 
procedures and of the results obtained in monitoring the oscillations are 
found in Ref. 13. 

The presence of low-amplitude longitudinal pressure oscillations throughout 
burn, in spite of the SRM stability prediction, suggests a source of acoustic 
energy in the motor that was not included in the stability prediction. That 
source of energy is turbulent flow that is generated at the grain segment 
interfaces and that couples with and excites the longitudinal acoustic modes. 
The experience with the SRM and with other motors indicates the impor- 
tance of modeling the effect of vortex formation and turbulent flow on 
motor acoustics. Both experimental and theoretical efforts are aimed at 
improved understanding of phenomena associated with flow, vortex, and 
acoustic interactions in rocket motors (see Refs. 14 and 15, for example, 
and the chapter in this volume by Price and Flandro). 

2. Shuttle Booster Separation Motor 

After they have burned out, the SRMs are detached and separated from 
the Shuttle. Separation is assisted by clusters of booster separation motors 
(BSMs) that, on command, push the SRMs away from the vehicle. The 
BSM is manufactured by the Chemical Systems Division of United Tech- 
nologies. 

Motor geometry and propellant. By Shuttle standards, the BSM is a 
small motor. It is about 25 cm in diameter and 48 cm from forward closure 
to nozzle throat. The propellant grain geometry is a 16-point, full-length 
star designed to provide thrust over a short burn time. The propellant is 
an ammonium perchlorate-hydroxyl-terminated polybutadiene (AP-HTPB) 
formulation with 2% aluminum. A sketch showing the internal geometry 
of the BSM is shown in Fig. 7. As seen in the drawing, the BSM has a 
canted nozzle. 
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Fig. 7 Internal geometry: Shuttle BSM. 



Linear-stability predictions. Stability predictions of the BSM were con- 
ducted at CSD and at the Naval Weapons Center, China Lake, California 
(NWC). The procedures that were followed and the results obtained 
at NWC are reported here. A quasi-three-dimensional stability predic- 
tion was performed for the BSM. Two points in burn were chosen: zero 
web and 50% web burn. As with the SRM, experimentally determined 
pressure-coupled response function data and particle-size distribution data 
were used in the stability program. The flow-turning response and the 
velocity-coupled response function were set at minus unity and plus unity, 
respectively. 

Although the nozzle in the BSM is canted, restrictions of the quasi-three- 
dimensional approach required the canting to be ignored: the finite element 
grid for the BSM was arranged so that the nozzle throat was normal to 
the axis of symmetry and was placed at the intersection of the axis of 
symmetry and the plane of the canted throat. Other aspects of the canting 
were averaged in constructing the grid. The nozzle damping calculation 
used for nozzle damping of longitudinal modes utilized the results of Zinn 
and co-workers for short nozzles. 16 For transverse modes, the nozzle damp- 
ing was set to zero. 



Table 3 Summary of Shuttle BSM stability predictions 

Web burn, % 

0% 50% 



Acoustic mode 


Frequency 




Frequency 




First longitudinal 


1091.0 


-254 


1063.9 


205 . 00 


Second longitudinal 


2129.7 


-266 


2105.0 


219.00 


Third longitudinal 


3096.8 


-279 


3106.0 
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First tangential 


2366.5 


-27 


2046.9 


- 17.00 


Combination: first longitudinal, 


2689.6 


-23 
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-30.00 


first tangential 










Second tangential 


3187.0 


-54 


3018.8 
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Results of the stability calculations are summarized in Table 3. Inspection 
of the results shows that the first two longitudinal modes are very stable. 
The tangential modes (pure and combination) are also stable but much 
less so than the longitudinal modes. 

Observations of motor behavior. Static testing of the BMS at CSD, 
using high-frequency response pressure instrumentation, indicated stable 
motor behavior. Some BSMs were acoustically pulsed by CSD to test for 
susceptibility to triggered instability. The pulsed motors were stable. Mag- 
netic tape data from two pulsed BSM motors were analyzed at N WC. The 
pulses, which primarily excited the first longitudinal mode, were found to 
decay at about - 187/s. That result compares favorably with the predicted 
value for the first longitudinal mode. 



3. Five-inch (12.7-cm) Research Motor 

An experimental test program is under way at NWC that involves re- 
search into linear and nonlinear acoustic instability. 17 The results obtained 
have not been widely disseminated but are of interest to the subject ad- 
dressed here. 

Motor geometry and propellant. The experimental program involves 
testing 5-in. (12.7-cm)-diam motors loaded with a reduced-smoke AP- 
HTPB baseline propellant formulation. A number of internal motor con- 
figurations, several minor variations of the baseline propellant formulation, 
two motor lengths, and several mean chamber pressures are involved in 
the test program. The program utilizes readily available hardware, but a 
specially designed forward closure and some special nozzle sizes were re- 
quired. Most motors are acoustically pulsed three times during burn, with 
a variety of initial pulse amplitudes. The pulses are generated by a "pyro," 
or "blowdown," pulser, as shown in Fig. 8. Ali motors are equipped with 



WRENCH FLATS 




B 



FWD CLOSURE ) 

Fig. 8 Pyro, or blowdown, pulser for testing 5-in. (12.7-cm) motor stability. 
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high-frequency response pressure transducers in addition to a Standard 
ballistic pressure transducer. 

For this discussion, results from a few motors in the "baseline" group 
will be considered. The internal geometry of the baseline motor is shown 
in Fig. 9. The baseline propellant is an AP-HTPB formulation. The pro- 
pellant contains no additives that produce condensed-phase particulate as 
combustion products. 

Linear-stability predictions. For the baseline motor linear-stability pre- 
dictions are shown in Table 4. Values of the individual terms that contribute 
to stability are listed, as well as the net motor alpha. Because of the shape 
of the propellant grain, the pressure-coupled end term is zero, as is the 
particle damping term, since there are no metal-oxide combustion products. 
The predictions shown here are provided by a one-dimensional stability 
prediction scheme, which treats only longitudinal acoustic modes. 

Input parameters included a pressure-coupled propellant response, as 
obtained from T-burner testing (Fig. 10). Other response function values 
were a flow-turning response of minus unity and a velocity-coupled re- 
sponse of plus unity. The Zinn short-nozzle computation was used for 
nozzle damping. 16 For this motor and propellant, the particle damping 
term was set to zero. 

Observations of motor behavior. Motor response to pulsing falls into 
two categories: 1) the motor is stable to a pulse (acoustic waves generated 
by the pulse decay with time), and 2) the motor becomes violently unstable 
following a pulse. The stable motor response is of interest here. 




169.7 




Fig. 9 Internal geometry: NWC 5-in. (12.7-cm) research 
configuration (measurements in centimeters). 



motor, baseline 
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Fig. 10 Typical T-burner results for determining the pressure-coupled response 
function: NWC baseline propellant formulation for the 5-in. (12.7-cm) research 
motor test pressures of 500 psi (34 atm) and 1000 psi (68 atm). 



The waveform created by a decaying acoustic pulse is shown in Fig. 11. 
After further signal processing, a decay rate for the first longitudinal mode 
of the motor can be obtained. A plot comparing measured first-longitudinal 
pulse decays and the linear-stability prediction is shown in Fig. 12. There 
is general agreement between measured decays and the stability prediction, 
which confirms the predicted trend of motor stability with burn time. 



C. Some Observations of Nonlinear Instability 

The term "nonlinear" as used in the context of combustion instability 
can describe several phenomena, including processes that lead to limit 
amplitudes, the presence of high-amplitude shock-fronted pressure waves, 
triggered instabilities, and mean pressure deviations associated with acous- 
tic waves in a motor. Considerable attention has been paid to this form of 
instability in recent years because of potentially severe consequences to 
motor operation. A triggered instability can occur in a motor that is stable 
prior to the triggering disturbance. Once triggered, the motor remains 
violently unstable until the end of burn. Triggering can occur from nozzle 
ejecta or from chamber pressure pulses induced by other means. Nozzle 
ejecta are a common source of triggering in solid-propellant motors. In 
nonlinear-instability research, ejecta or pressure pulses are deliberately 
introduced at predetermined initial amplitudes and times in the motor burn 
to test the motor' s response. 18-20 

Triggered instabilities have been under intense study, and analytical 
techniques are available for ad hoc assessing of various aspects of this form 
of nonlinear motor behavior. 21-24 In the following, we examine some ex- 
perimental results of triggered instabilities obtained in research currently 
under way at the Naval Weapons Center, China Lake, California. 
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Fig. 11 Decaying pressure pulse: NWC S-in. (12.7-cm) research motor. 




Fig. 12 Comparison of linear-stability prediction and measured pulse decays: 
NMC 5-in. (12.7-cm) research motors, nominal 500-psi (34-atm) chamber 
pressure. 
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1. Description of Test 

The test hardware, instrumentation, and pulsing are the same as those 
described earlier for the 5-in. (12.7-cm) diam research motor. However, 
in the examples presented here, the motor's response to a pressure pulse 
was a growth in oscillations rather than a decay. Once established, the 
oscillations were sustained through the remainder of the burn. 

2. Examples of Triggered Instability 

A typical example of the events involved in a motor that experiences a 
triggered instability is shown in Fig. 13. The severity of the chamber pres- 
sure oscillations is shown by the width of the blackband following the 
triggered pulse. Note that there is an upward shift of mean pressure as- 
sociated with the oscillations. In this test, the burn was terminated by burn- 
through of the propellant web. In other motors, the test was terminated 
by failure of the graphite nozzle throat insert. 

Figure 13 was obtained by processing the data with a bandwidth from 
dc to 5 kHz. Detailed information of the shift in mean motor pressure is 
not shown accurately in that method of processing. To see the mean pres- 
sure accurately, a second method is used in which the data processing 
bandwith is set to cover a range from dc to 100 Hz. The result is shown 
in Fig. 14. 

A detailed examination of the events that follow a triggering impulse is 
shown in Fig. 15. Note that the oscillations following the pulse quickly 
grow in amplitude and into a steep-fronted, shocklike waveform. The high- 
frequency oscillation that is excited by the initial disturbance created by 




Fig. 13 Pressure-time history of a 5-in. (12.7-cm) research motor that was 
pulsed unstable; data bandwidth is dc to 5 kHz. 
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Fig. 14 Pressure-time history of a 5-in. (12.7-cm) research motor that was 
pulsed unstable; data bandwidth is dc to 100 Hz to show deviations of mean 
motor pressure. 




Time, ms 



Fig. 15 Details of growth of triggered instability in a 5-in. (12.7-cm) research 
motor; data bandwidth is dc to 10 kHz. 
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the pulse appears to be a damped tangential mode in the forward end of 
the motor. 

3. Further Observations 

The jagged, nonsinusoidal nature of the oscillating pressure indicates 
the presence of many frequency components higher than the fundamental 
frequency. A simple "waterfall" plot, obtained by performing a number 
of fast Fourier transforms (FFT) and plotting the results against time, shows 
the amplitude, frequency, and time history of the test. The results for this 
motor test indicate that the main change in the oscillations with time is a 
change in amplitude. The frequency content of the oscillations remains 
relatively unchanged with time (Fig. 16). 

Measurements of the peak-to-peak amplitude, mean motor pressure, 
and deviation of motor mean pressure from predicted (nonoscillating) mean 
pressure, which are presented in Table 5 for several motors, indicate the 
severity of oscillations and pressure shifts in motors that were triggered 
unstable. 25 The amplitude of the triggered pulse is also tabulated, as are 
several amplitude-pressure ratios. 

III. Summary and Conclusions 

A brief review has been presented of the application of combustion- 
instability technology to problems of unstable combustion in solid- 
propellant rocket motors. The emphasis was largely on linear-stability pre- 
diction. Several case histories were discussed showing results of stability 
prediction as currently practiced. Some aspects of nonlinear instability were 
also examined. 
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Fig. 16 Waterfall plot of nonlinear oscillations triggered by a pressure pulse in 
5-in. (12.7-cm) research motor. 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



TECHNOLOGICAL APPLICATIONS TO ROCKET MOTORS 801 



es 
-o 

w> 
s 

"3 

o. 

y 
S 



OH 



O) 

1 B 

-S s» 

"> Sf? 

& 2 

I a 

S u 

B T3 

-B -C 

^ = 

cS * 

u: % 

(U CU 

S- "O 

^ a 

E S 

V g- 



O 



E S 



+ 



a, I a. 



es 

T3 



.O 

S 
o 
.e 

oo 

"3 

Oh 



«J 
X3 

'H. 

e 
< 



s 

H 



B 

C*3 



"Z', 

3 

sa 
H 



g .g 

'E g 



o 
c 



\o co r- oo o wo m 
urc « N vo in 

o o o o o o o 



o wo o m cn co o 
^ m t— i oo o co o\ 
1- m co oo 



O CO ON Tj" WO O 

OO O CT\ (N O O-s 
O O t-h o O o 



wo r- (N <N co oo cn 

\D OO OO rH lO H 



o o o m 'o o 
n h rt m i^i 
oo oo oo oo wo wo (N 



0\H00OO\0\O 
"^t - CM ' — I CN OJ WO 



<~o oo o o on ctn r-- 

t — O CT\ CJ ' — ' — l *— 4 



N N N m n m 



o o o o o o o 
o o o o o o o 
o o o o WO wo wo 



C3 -O 

CN co wo wo \o 



o. 
e 



13 



0B O 

•c B 



2 « ■= 
■5 

»1 J 

T3 . r. 

(U ' — * 

S J! 6 



u o C- 

o o* 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 

802 H. B. MATHES 

In spite of the favorable view of motor-stability prediction that has been 
presented here, many uncertainties, unknowns, and practical difficulties 
exist in nearly every step of the process. Every aspect of motor-stability 
prediction is capable of improvement, both to increase the accuracy of 
prediction and to make the process more efficient. 

The prediction of motor stability is a highly technical interdisciplinary 
subject: these complexities tend to hinder rapid progress. In the decades 
since World War II, motor-stability prediction has advanced from an es- 
oteric art to a reasonably well-developed technology. At the same time, 
stability prediction also requires a certain degree of experience and judg- 
ment on the part of the practitioner. It is to be expected that additional 
advances will be made in the future, including improvement in methods 
for calculating the various factors that affect motor stability. Additional 
knowledge of motor behavior and comparison with results of stability pre- 
diction will reveal weaknesses not only in the procedures but also in the 
prediction codes and in the analysis on which the predictions are based. 

A continued effort will be needed to apply available resources to main- 
tain the desired advancement. Unstable combustion is a common phenom- 
enon in solid-propellant rocket motors, as it is in many other types of 
combustion systems. It is a fact of nature. It will not be diminished by 
wishful thinking or by neglect. 
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Chapter 20 



Technologies and Techniques for Instability 
Suppression in Motors 

Kumar Ramohalli* 

University of Arizona, Tucson, Arizona 



Nomenclature 

A = semiempirical constant in the response function equation 

s EI<31T S 

A X ,A 2 = pressure ratios for tangential model oscillations 
A b = burning area of solid propellant, ft 2 or m 2 
A t = throat area, ft 2 or m 2 

a = oxidizer particle size, ix; also, constant in St. Robert's law, 

r b = aP n 

a 0 = constant in the nozzle damping equation, s~ x 

B = semiempirical constant in the response function equation 

s c p {T b - T 0 )IQ f 
C c = contraction coefficient 
C m = mass fraction of condensed matter 

c c = specific heat of condensed matter, cal/g K or Btu/lbm °F 

c p = specific heat of gas at constant pressure, cal/g K or Btu/lbm °F 

D = geometrical diameter of cavity ft or m 

E = activation energy, kcal/mole or kJ/kmole 

% = acoustic energy per unit volume in motor cavity, kJ/m 3 or 

Btu/ft 3 
/ = frequency, s -1 

g = acceleration due to gravity, ft/s 2 or m/s 2 
/ sp = specific impulse, s 

J = ratio of throat area to area at nozzle entrance 
K = constant used in Eq. (7) 
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k c = thermal conductivity coefficient, Btu/ft-h °F or cal/cm s K 

L = geometrical length of motor, ft or m 

L* = characteristic length of motor = (VIA*) 

€ = axial location, f t or m 

€j = location of axial position of baffle, ft or m 

n = steady-state pressure index in the burning-rate equation 
r b = aP n 

P = time-averaged (mean) pressure in cavity, psi or atm 

p' = time-dependent (fluctuating) pressure in cavity, psi or atm 

Pr = Prandtl number (\LC p lk) of combustion gases 

Q f = energy released by burning propellant, Btu/lb or kJ/kg 

R b = pressure-coupled response function = (r' b lr b )l(p'IP) 

R v = velocity-coupled response function = (r' b /r b )/(v'/v) 

2ft = universal gas constant, cal/mole K 

r b = instantaneous. burning rate of solid propellant, in./s or cm/s 

r b = mean burning rate of solid propellant in./s or cm/s 

r' b = time-dependent (fluctuating) burning rate of propellant, in./s or 
cm/s 

S = area, ft 2 or m 2 

S N = nozzle throat area, f t 2 or m 2 

T = temperature, °F or K 

t = time, s 

u = velocity of gases above (and normal to) the burning surface, 
ft/s or cm/s 

V = free volume of motor, ft 3 or m 3 

v = mean velocity of gases parallel to burning surface, ft/s or m/s 

v = mean velocity parallel to burning surface, ft/s or m/s 

v' = fluctuating velocity of gases parallel to burning surface, ft/s or 
m/s 

w = volumetric reaction rate 

z = longitudinal coordinate, ft or m 

a = growth constant of acoustic energy, s -1 

7 = mean ratio of specific heats 

Ap = rms value of p' , psi or atm 

Af = time interval, s 

X = frequency dependent parameter (1 + Vl + 4ifl) 

\x. = coefficient of viscosity, kg/ms 

p c = density of condensed matter, lb/ft 3 or kg/m 3 

cj = diameter of particles in gas phase, |x; also, blockage ratio of 

mechanical dampers in motors 

t = characteristic time, s 

V = axial acoustic mode amplitude 
fl = normalized frequency (wa c /r b ) 
w = circular frequency (2tt/) 

Subscripts 

b = fully burned state in gas (usually "flame" temperature), °F or K 
c = combustion; also, condensed 
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d = diffusion 

€ = longitudinal mode 

n = mode number in the nozzle damping equation 
s = surface 
t = thermal 

v = velocity-coupled response function 

0 = conditioning temperature of solid propellant (usually "room" tem- 
perature), °F or K 

I. Introduction 

INSTABILITY suppression may be interpreted to imply "fixing" of trou- 
blesome oscillations that may arise in motors during operation, after the 
design. This is a narrow interpretation. In the full sense of proper inter- 
pretation, suppression also includes exploration and implementation of all 
the available design tools for the prevention through anticipation of insta- 
bility in motors. It is the latter interpretation that is used in this chapter. 
It includes damping mechanisms that could be part of the propellant for- 
mulation (e. g., inclusion of the particulate promoters of the right size 
distribution), those that could be part of the grain design (e. g., slots), those 
that could be part of the motor geometrical design (e. g., re-entrant noz- 
zles), those that could block certain modes (e. g., resonance rods, baffles), 
and even real-time sensing active controls (e. g., feedback loops). It is the 
important objective of this chapter to state clearly the fundamental mech- 
anisms of instability suppression so that the reader may fully appreciate 
the origins of this troublesome malady that has wrought so much frustration 
for designers of solid rockets. In an oversimplified explanation (see Chapter 
18 of this volume by Culick and Yang), the fundamental reason is simply 
that the total energy-release rate due to combustion in a typical motor is 
several orders of magnitude higher than the energy needed for sustenance 
of pressure/velocity oscillations in motors. It is easy to see that even a very 
weak coupling between the combustion energy release and the nonsteady 
pressure field can drive unacceptably large oscillations. Added to this basic 
swim against the tide, most aerospace rockets are designed structurally to 
be just marginally better than the steady-state design requirements, so that 
oscillations of even a few percentage points can exceed the structural limits, 
not to mention the dynamic loads. That experimenters have frequently 
found even rugged static test motors wrecked by instabilities testifies to 
the difficulty of the problem. 

On the other hand, it is precisely the very delicate balance involved that 
makes the problem so very attractive to challenge-seeking innovators. Here 
is surely a problem that can use all the ingenuity that a good designer can 
supply. Successful design and operation of numerous solid rockets over 
the years belie the hours, if not years, of painstaking analyses, intuitive 
search testing, and production. Instability is especially sensitive to "minor" 
changes in ingredients or processing, as is well known in the community. 
It has frequently turned out that a very minor change, such as a lot number 
or supplier, has introduced violent instabilities in what had been a trouble- 
free motor. It is obvious that we have not yet come to recognize all of the 
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relevant parameters or their relative importance. Satisfactory steady-state 
combustion attainment (within the specifications) is no guarantee that un- 
steady combustion is also under control. Minor changes that have precip- 
itated oscillations have included mechanical property improvement additives, 
shelf-life improvement modifiers, and processing modifiers, to name only 
a f e w. 

This chapter begins with a brief review of the basic equations and the 
physical mechanisms for instability. The suppression mechanisms are iden- 
tified. Particulate damping, nozzle damping, flow-turning contributions to 
damping, mean flow effects, and damping due to phase relations of com- 
bustion itself are treated in some detail. 

It is hoped that proper attention to these should avoid instability in the 
test motors. 1 For the cases in which all the requirements could not be met, 
either because of conflicting design requirements or because of unforeseen 
minor changes in the evolution of the motor, we definitely need techniques 
for combating instability in the end product. Suppressors, in the general 
sense, and dampers, in the specific sense, are introduced and treated in 
some detail. Practical examples from recent experience are cited where 
possible. It is concluded that characterization of instability as a fundamental 
design specification target from ground zero (in the same class as burning 
rate, slope index, or shelf life) is the only way to minimize painful surprises 
in design. 

II. Brief Review of the Basics 
A. Typical Solid-Propellant Rocket Motor 

Pressure oscillations in a motor are driven by an energy source invariably 
supplied by the combustion events: the basic feature is the transfer of 
energy from the main combustion process into these pressure oscillations. 
Secondary features, such as velocity oscillations or radiation oscillations, 
could be treated in a similar manner. Although the precise mechanism of 
this energy transfer from the combustion to the acoustic pressure field is 
not completely understood at the present time, two basic aspects are clear. 
One, which we recall from Chapter 18, is that a very small fraction of the 
combustion energy released is sufficient to drive unacceptable oscillations. 
The other is, as a consequence, that even a very weak coupling between 
the combustion and the acoustic field is sufficient to drive these oscillations. 
At this stage, it would help to consider a few specifics. 

The acoustic energy density due to standing waves in a cavity 2 can be 
shown to be 

% = [P{p'IP) 2 \IA (1) 

where P is the mean pressure and p' is the amplitude of the acoustic 
oscillation. Thus, if the total free volume in the motor is V, the total acoustic 
energy is [PV(p'/P) 2 ]/4. A 91-cm-long, 24.4-cm-diam motor operating at 
a mean pressure of 20 atm and sustaining a pressure oscillation of 10% 
would, therefore, have an acoustic energy of 0.21 kJ. This contrasts with 
422 kJ of thermal (combustion) energy in the gases in the same cavity for 
typical solid-propellant rockets that have a gas-phase flame temperature 
of 3000 K and a mean specific heat of approximately 1.26 kJ/kg K. Although 
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the acoustic and thermal energies contrast so vividly, the numbers are 
somewhat irrelevant for unsteady calculations, where the rates are far more 
important. Even before the unsteady calculations are made, the point 
should be clear that sustenance of a 2-atm oscillation in this motor, resulting 
in at least a 900-kg periodic force on the ends, needs an extremely small 
fraction of the available energy. 

Calculations of the rates are far more meaningful. Based on many prac- 
tical tests, let us take the growth rate of pressure oscillations to be a = 50 
s^ 1 . If we assume a linear growth of oscillations, i. e., p' ~ exp(a/), the 
rate of change of acoustic energy oscillations is given b y 2a. If the first 
longitudinal mode is taken for simplicity, the fundamental frequency is 
approximately 600 Hz. The circular frequency is 3800 rad/s. This leads to 
a requirement of 18 kW by the growing pressure oscillations. Let us compare 
this with what is available, or the energy-release rate in the cavity resulting 
from combustion: d£7d/ = p c r b A b Q f = 39,200 kW. Comparing this to the 
18 kW required for the oscillations, the severe demands on suppression 
become apparent. By far, the biggest contribution to suppression comes 
from particulate damping. Even this contribution can be small, however, 
compared to the driving mechanism represented by the response function, 
defined as R b = (r' b /r b )/(p'/P), at least at some frequencies. Thus, it is 
hardly surprising that instability is frequently encountered in solid-propellant 
rocket motors. 

One particular aspect of instability must be mentioned at this stage. 
Viewed as a loss of energy from the propellant energy released, the acoustic 
energy is negligible. Should we be concerned at all with the instability? 
The amplitudes of pressure oscillations can cause severe mechanical dam- 
age to the structure or the payload. In addition, the oscillations are fre- 
quently accompanied by increases in the mean burn rate of the propellant. 
In fact, some classify the instability as troublesome or benign, depending 
on whether the mean burn rate increases significantly. In one of the most 
thorough investigations of rocket motor instability, Brownlee and Marble 3 
found substantial increases in the mean burn rate (also showing increases 
in the mean pressure and significantly shorter burn times than the design 
values) in a series of polysulfide/AP propellants. This phenomenon of an 
increase in r b during instability is also widely known. It is believed that 
this "acoustic erosivity" contributes to increased mean burning rates, es- 
pecially during transverse modes. 

B. Energy Balance Under Unsteady Conditions 

After the clear indication of the magnitude of the problem given earlier, 
it would be useful to have a feel for the various factors that, together, 
make up the energy balance in the motor. The f uli details are available 
elsewhere in this book (see Chapter 18); here, we merely cite the end 
results. 

L Combustion Contribution 

The contribution of combustion is represented by the response function. 
There could be several response functions representing the dynamic re- 
sponse of the burn rate to changes in pressure, velocity, radiation, etc. 
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The most familiar one is the pressure-coupled response function defined 
earlier. It is further testimony to the difficulty of the problem that no 
satisfactory expression to represent this response function has been found 
theoretically or experimentally. After extensive discussions in papers, at 
meetings, and at workshops, the general consensus appears to be to use 
the following expression as a reasonable approximation 4 : 



where the frequency dependence is in X. = [1 + VI + 4fft] and Cl is the 
normalized frequency, Cl = (a>a c )/r| and w = 2tt/. The value of R b is fixed 
by the values of the two parameters A [representing the activation energy 
of the solid propellant, A s (E/<3lT s )] and B [representing the reciprocal 
of the energy content of the solid propellant, B = c p (T b - T 0 )/Q f ]. The 
steady-state pressure index is n in the familiar St. Robert's law. The author 
suggests that A and B be regarded simply as convenient parameters that 
can be adjusted to fit experimental data of specific propellants. The real 
part of this response function has a value equal to n at / = 0 and goes to 
zero at very large values of the frequency. Based on various theoretical 
and experimental studies (e. g., Perry 5 ), extensive curves were generated 6 
that could be useful in any calculation. Typically, the maximum value of 
the real part is between 2 and 20 and occurs at normalized frequencies of 
Cl = 10. The imaginary value goes from zero at / = 0 to a maximum, and 
then to another zero near R b max, and then goes negative beyond that. 

There are many trends in the observed response function that are very 
different from what is implied by Eq. (2), but this equation is helpful for 
general discussion. It is a convenient analytical expression only, and literal 
interpretation or attempts to extract precise physical meaning will be mis- 
leading. For the purposes of this chapter, we will simply regard this as a 
general expression for indicating the combustion contribution. 

2. Nozzle Contribution 

The contribution of the nozzle to the growth constant is 6 



The axial acoustic mode amplitude ^ is at the entrance to the nozzle. Thus, 
W represents the influence of the shape or geometry of the nozzle. The 
mean ratio of specific heats is -y. Typical values for the test motor under 
consideration are 15-20/s. It is advisable to remember that the a is always 
negative; i. e., the nozzle is always a damping influence. 



R b = nAB/[\ + (A/K) - (1 + A) + AB] 



(2) 




(3) 



3. Particulate Contribution 

The particulate contribution is given 7 by 
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where C m is the mass fraction of material present as condensed matter. 
The characteristic times for decay are given by 

Td = 18iZ ' T ' = 2 c p PrTd (5) 

The preceding expressions, due to Dobbins and Temkin, 7 are conven- 
ient, and there have been more modern interpretations. Extensive para- 
metric plots of the particulate contribution were obtained. 6 One data set 
is presented in Fig. 1. The typical value is seen to be 25/s, at typical values 
of u = 10 |x and 16% aluminum in the propellant. 

4. Flow-Turning Contribution 
The flow-turning contribution is given by 6 

« = ~2 U "v ^ 

and arises from the fact that, in side-burning grain designs, the longitudinal 
acoustic velocities are imparted to the gas from the mean velocity field, 
since the gases emanating from the propellant surface do not possess this 
longitudinal velocity at the instant of leaving the burning surface. A typical 
value is 2-3/s, although there are cases in which this could be much higher 
than the particulate damping contribution. 




0 1000 2000 3000 4 000 5000 6000 

FREQUENCY, radians/s 

Fig. 1 Damping by particulates (theoretical). 
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C. Importance of Various Terms 

It is clear that the combustion contribution is almost invariably positive, 
whereas the other terms are negative. The flow-turning losses are so un- 
important as to be almost academic. By far the largest damping contribution 
comes from the particulates. The nozzle losses can become significant in 
a special case. If the nozzle design can capitalize on the mode shapes of 
the acoustic oscillations, some additional damping can be experienced. 
This is explained later under re-entrant nozzle design. 

III. Suppression Mechanisms 

After the brief review in the preceding section, several of the suppression 
mechanisms seem obvious. Nevertheless, we shall describe each one in 
turn in order to delineate clearly the important factors. 

A. Prevention of Energy Feedback 

Prevention of energy feedback appears straightforward, and it would be 
if we understood the behavior of the fundamental response function. At 
the present time, various groups are very active in attempting to calculate 
and measure the response function. A general expression as a function of 
the control variables (i. e., ingredients and processing) is not yet available. 
The A,B representation described in Sec. II. B. 1 is only a guide for fre- 
quency dependencies. 

A candidate propellant will have its various characteristics measured. 
These include the steady-state pressure dependence of the burn rate, the 
temperature sensitivity of the burn rate, the aging (shelf life), mechanical 
properties, etc. It is becoming increasingly customary to measure the in- 
stability characteristics through the T-burner, L* burner, rotary-valve ac- 
tuators, Helmholtz resonators, and other innovative techniques 8 ; a good 
summary is given in Chapter 17 of this volume. The fundamental output 
is the map of the response function as a function of the frequency. Ex- 
perimental evidence exists to show that the response function can be a 
strong function of mean pressure. Thus, it is becoming customary to mea- 
sure the response function over a range of mean pressures. The influence 
of the velocity field at the surface of the burning propellant is also seen to 
be an important factor. In a typical example, shown in Fig. 2, it is seen 
that the same propellant (from the same batch, too), with identical burning 
areas in a T-burner, at identical lengths (leading to practically identical 
frequencies), and at the same initial mean pressure, gave widely varying 
instability behaviors. The side-burning propellant configuration gave acoustic 
amplitudes at least three times the amplitudes for the end-burning design. 
This specific example, where the propellant was situated near a velocity 
node, illustrates the possible strong influence of velocity, even when the 
velocity magnitude is small. Thus, it would be useful to have the velocity- 
coupled response function measured as well. 

Designing the motor such that the frequency range of operation does 
not involve high values of the response function is the ideal way to avoid 
the energy feed to oscillations. This may not be easy, considering the very 
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* INFLUENCE OF CONVECTION 
ON OSCILLATORY BURNING *RESULTS LOOK DIFFERENT 




* HIGHER HARMONICS ARE SIGNIFICANT EXAMPL£ 




Fig. 2 Influence of erosive component on instability. 



large number of modes in which oscillations can be sustained. A charac- 
teristic example illustrates the point. Seven motors in a family of high 
length-to-diameter (L/D) ratio were test-fired. These covered a range of 
variables, including the conditioning temperature ( - 65- + 165°F, or 219— 
347 K), oxidizer particle-size distributions in multimodal mixes (400-4.8 
|x), grain configuration [aft-slotted center-perforated (CP), forward-slotted 
CP, and eyelid forward section-CP center section-aft slots], and pulsing in 
the beginning or toward the end of f iring. Understandably, the tangential 
mode was excited in these high L/ D motors. The frequency varied, de- 
pending on the cavity size, which is itself dependent on the propellant 
volume, which got progressively smaller during the test. Thus, the coarse 
AP propellants showed instability toward the end (lower frequencies), 
whereas the finer AP propellants showed instability toward the beginning 
(high frequencies). Based on simple considerations, 9 it is possible to ascribe 
several peaks to the response function (real part), depending on the value 
of r J a, where r b is the mean burn rate and a is the appropriate mean 
particle size. This is shown in Fig. 3, which is only a rough sketch of 
expected trends, and is not rigorously derived nor experimentally obtained; 
it is included here only to make a point. Velocity coupling is evident from 
the increased burn rates observed. In one case, the oscillatory pressures 
were sufficiently violent to result in the ejection of the nozzle throat insert. 
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r„/a. 




-4- 



frequency 

Fig. 3 Expected peaks in response function influenced by different particle-size 
distributions in propellant. 



The spectral analyses also showed that the oscillations were rich in har- 
monics, as was the case cited earlier. An often-used code had predicted 
that these motors would be free from instability. Whether the nonlinearity 
or the velocity coupling (neither of which was included in the code) made 
the difference is not clear. What is clear is that judicious use of oxidizer 
blends to shift the response function peaks could avoid the instability. 

As we gain a better understanding of the response function, we will be 
able to avoid high values at critical frequencies. Until such time, as we can 
predict or measure the response functions in a simple way, we may also 
have to look elsewhere to counteract its positive influences on instability. 

Here are some generalizations regarding propellant effects that are widely 
accepted: 

1) Some propellants are never unstable (e. g. , potassium perchlorate and 
ammonium nitrate composites). 

2) High-energy propellants tend to be unstable. 
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3) The maximum of the response function depends on burning rate, and 
choice of a rate that gives a response maximum at the frequency of a low 
loss mode is risky. 

4) For ammonium perchlorate (AP) composites, increasing the burning 
rate by the use of catalysts seems to increase response less than increasing 
the burning rate by going to finer AP. 

5) In general, we do not have adequate combustion response data for 
rational design decisions, especially velocity-sampled response. 



B. Particulate Damping 

Particulate damping seems straightforward enough but may have to be 
implemented within stringent constraints of motor design. After the main 
driving by the combustion response function is determined, the required 
damping from the particulates is easily estimated. Now we can employ 
charts such as the one in Fig. 1 to read the damping (on the y axis) and 
to choose the relevant frequency to arrive at the particulate loading that 
will satisfy our needs. In reality, this suppression mechanism is more con- 
strained. The actual particle size in the cavity is not controlled that easily. 
Kraeutle and Atwood 10 have repeatedly shown that the aluminum oxide 
particles in the combustion products have a tendency to group into two 
distinct size fractions. Thus, in Fig. 1, not all of the parameters in the 
graph are available to the designer. An innovative suppression aid was 
suggested to overcome this natural limitation. Why not include aluminum 
oxide of the right size in the propellant formulation instead of depending 
on combustion to produce the aluminum oxide? Naturally, this reduces 
the energetics of the propellant. In some cases, it may be permissible to 
accept a slight loss in the / sp in order to gain on the instability front. The 
author was a team member in one specific design/development program, 11 
where this approach was attempted in one of the eight candidates being 
considered at that time. Aluminum oxide, of the right size, was introduced 
at a concentration of 2% by weight in the propellant formulation that used 
8-|x AP in excess of 70%. The results were not conclusive. In addition, it 
was found that even the aluminum oxide melted and, in any case, probably 
mixed with the aluminum oxide resulting from the combustion of alumi- 
num, thereby rendering the technique questionable, at least in this specific 
application. Other materials used for the same purpose include ZrC. The 
basic message to the designer is that many of the seemingly innovative 
ideas may have to be thought through carefully in light of the entire motor 
performance and interior ballistics before the probability of success is in- 
creased. It should be noted that we are not limited to aluminum oxide 
particles for damping. Practically any "inert powder" will do, as long as 
it has the right size distribution. Evans and Smith 12 investigated a series 
of such particles in a systematic study of damping. This study is very 
extensive and covers 27 different additives (particulate families) in three 
different propellant systems. The tests were compared with a control motor 
that was so violently unstable that a 500-atm transducer was destroyed. 
Remarkable stability was introduced through small percentages of addi- 
tives. Available results show the following: 
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1) Any given mode can usually be stabilized by 1-2% of an optimum- 
sized particulate ingredient (usually A1 2 0 3 ) in nonaluminized propellants. 

2) Aluminized propellants burn in such a way as to produce more than 
enough A1 2 0 3 in the <2-|x size range to stabilize modes above about 1500 
Hz. They also produce a population of larger A1 2 0 3 droplets in the 5- to 
50-|i. range, with the size strongly dependent on propellant and combustion 
zone conditions. When these droplets are in the right size range, they are 
effective in stabilizing low-frequency modes (less than 1500 Hz). 

3) The fine A1 2 0 3 is formed in the flame envelope around the burning 
aluminum droplets and is probably not susceptible to tailoring. The coarse 
A1 2 0 3 is distinctly susceptible to tailoring but primarily through control of 
the size of the aluminum agglomerates formed at the burning surface. 

The second aspect of the particulate damping is the frequency specificity. 
The peak damping occurs only at certain frequencies and may not be very 
effective at other frequencies. The use of multimodal distributions can be 
expected to help, but this is not easy. It should be recalled that the particles 
in the cavity result almost invariably as a requirement of the energetics of 
the ingredients; the particles are not the result of stability tailoring. How- 
ever, the designer may not be forced to accept what is available. The 
burning rate of the composite propellant is controlled largely by the oxidizer 
particle size in the ingredients. The burning rate can also be altered by the 
inclusion of small quantities (0.1-2%) of catalysts. These are usually iron 
oxide and copper chromite; many others are also used. Thus, the designer 
has the possibility of moving away from one of the inherent natural fre- 
quencies (indicated in Fig. 1) of the propellant (r b /a) by varying a while 
maintaining the desired r b through catalysts. Catalysts can be both positive 
(those that increase r b ) and negative (those that decrease r b ). In fact, this 
technique is quite common in practice, but the scientific quantitative rules 
for such alterations await the development of better theories of solid- 
propellant combustion. 

Another interesting idea is to promote the formation of particles of the 
size required for stability. This involves understanding the nucleation pro- 
cesses and several nonequilibrium phenomena involving two-phase flow, 
charge effects, heat transfer, and thermodynamics. The idea of seeding 
minute fractions of particle growth/freeze controllers seems worthy of fur- 
ther pursuit. Pending such advances, the designer is limited to the use of 
conventional charts, such as that shown in Fig. 1. 

C. Flow Turning 

Flow-turning effects for use in motor design were the subject of a Ph. D. 
thesis. 13 Interesting and, indeed, practical as the phenomenon is, the quan- 
titative effects are hardly significant in most motors. However, it could 
become important in marginal cases in which all of the other factors have 
been pushed to their limits. Flow-turning effects, in combination with some 
of the other phenomena, can be exploited to our advantage. 

D. Nozzle Damping 

Nozzle damping is very important. Quantitatively, this contribution may 
not appear to be very significant in comparison with the particulate con- 
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tribution, for example. The important point, however, is that the nozzle 
is a very important component of the motor and, hence, of the acoustic 
environment. Its shape, position, and orientation (when gimballed for TVC) 
can have significant influences on instability. The basic formula was men- 
tioned earlier. The mode of the oscillation is important. In a re-entrant 
(submerged) nozzle, for example, the position of the nozzle entry can alter 
the damping. 14 A hole in the rocket cavity, such as a nozzle, always rep- 
resents a loss from the axial modes; the losses from the other modes because 
of this nozzle will be through nonlinear effects. 

The use of the nozzle as a damping device is also very important to 
understand for another reason. Of all of the motor component technolo- 
gies, the nozzle represents, perhaps, the most changing technology. As 
high-tech materials become available, and as designers better understand 
the complicated heat-transfer phenomena, "better" nozzle shapes and forms 
are being used. Mechanically, the modern nozzles are no longer as "stiff" 
as the older ones. Hence, the nozzle contribution needs to be understood 
carefully. The simple rules that have evolved have been under restrictive 
and simplified assumptions. Some of those idealizations were needed for 
a tractable analysis. More may be needed for a realistic exploitation of the 
nozzle as a suppression tool and, especially, for an understanding of the 
scale-up rules. An early start was made in Ref. 15. 

E. Design Tools 

Some of the design tools may not appear to fail into any of the previously 
mentioned categories. A specific example will illustrate the point. In the 
development of a 1-ft-diam x 4-ft-long (2.5 x 10 cm) low-smoke motor, 
the absence of particulate damping in the cavity had pushed the stability 
to the limits of design. 11 Many of the natural frequencies were carefully 
avoided with proper propellant formulation. A change in the lot number 
of the AP suddenly made the motors unstable. A closer examination re- 
vealed that the new lot of AP had a different size distribution, although 
the 50% weight-average point was identical to the earlier lot. The pro- 
pellant natural frequency indicated by the ratio of the mean burning rate 
to the 50% weight-average particle size was the same in the two cases, but 
the frequency indicated by the ratio of the mean burning rate to the 100% 
weight-average particle size was very different in these two lots. 

This could be used as a possible suppression tool. After the fundamental 
propellant has been formulated within broad ranges, the particle-size dis- 
tribution can be varied to mismatch the natural frequencies of the motor 
cavity. 

F. Nonlinear Effects 

Nonlinear effects in the rocket motor may actually help in the damping 
of oscillations. Linear oscillations can be visualized to have completely 
uncoupled modes of energy storage in the oscillating fields. It is highly 
unlikely that a real system, certainly a system as complicated as a rocket 
motor cavity, will be completely linear with all modes decoupled. If the 
different modes are coupled to each other, we seem to have the remarkable 
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possibility that draining energy from one mode will also drain energy from 
other modes. The practical implications are easy to comprehend. For ex- 
ample, a longitudinal-mode instability can be reduced in amplitude with a 
simple resonance rod that, because of (aerodynamic drag-related) dissi- 
pation effects, can drain energy from one of the other modes. 

To exploit this powerful coupled damping mechanism, we must be thor- 
oughly familiar with the various flow-related acoustic oscillations. The 
flowfield can induce some drag characteristics that may not be present in 
a standing-wave cavity oscillator. Each damping design will undoubtedly 
depend on the particular motor design (i. e., propellant grain, time varia- 
tions of geometry, nozzle design, and cavity design) being considered. 
Thus, general guantitative rules for design for nonlinear damping would be 
difficult to tabulate. Nevertheless, the very existence of nonlinear mech- 
anisms that can help the designer to drain acoustic energy from various 
modes must be regarded as a very powerful tool in suppressing instability. 

In most situations, nonlinear effects are not important suppression mech- 
anisms because they come into play only after unacceptable amplitudes 
are reached. In applications in which linear instability is accepted, nonlinear 
effects presumably become important in limiting amplitude. The opposite 
kind of nonlinearity, in which the system is linearly stable but unstable to 
finite disturbances, is an extremely important issue in design, testing, and 
suppression. 

IV. Mechanical Damping 

Now that the basics of instability suppression have been reviewed, one 
of the most important practical implementations can be discussed. The 
term "mechanical damping" is applied to the use of devices that interfere 
with the acoustic modes so as to drain energy from, or suppress the ini- 
tiation of, the oscillatory field. In a very general sense, all of these devices 
tend to prevent the free formation of the "natural" acoustic field in the 
cavity. A loose analogy may help. In the structural problem of column 
buckling, the fundamental mode can be suppressed by restraining the lat- 
eral movement of the column at the appropriate location. The next mode 
can be excited, but only at a much higher load. Usually, this can be pre- 
vented by designing for a load lower than the next load requirement. The 
rocket motor cavity oscillation problem is also a similar eigenvalue problem 
and, thus, has only discrete modes of acoustic excitation. Incidentally, this 
is not as benign as it may sound. The various different fundamental modes 
(longitudinal, tangential, radial, etc), along with the various harmonics, 
even in the uncoupled excitations, can give numerous frequencies of im- 
portance. Thus, the suppression is not as simple as that in the column- 
buckling case. Another point of importance is that the rocket motor cavity 
has a time-varying geometry (diameter, free length, etc.) as the propellant 
is progressively consumed. Thus, the frequencies of importance keep changing 
during the course of operation. It is the mark of a good design that the 
location of different important modes of instability does not change with 
the unavoidable frequency change. 

It should be evident that the mechanical suppressors usually work best 
on one mode. A suppressor meant for a longitudinal-mode instability will 
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usually not be effective in suppressing the tangential modes. Since the basic 
idea is fairly clear and simple, we feel it best, at this stage, to be more 
specific. We will first consider the tangential modes and then the longi- 
tudinal modes. Complete details of these specific examples are available 
in Refs. 16 and 17. 

There are two observations, however, that are generally true of all me- 
chanical suppressors. One is that the very introduction of a device alters 
the acoustic environment in the motor. Hence, calculations based on the 
control cavity may not readily apply to a prediction of the effectiveness of 
the device. Simple approximations may not be applicable; in the worst 
case, they may even mislead the designer. It is for this reason that the 
designer may have to conduct many experiments. Since experiments with 
real motors may be impractical for various reasons, smaller-scale models 
and related instability research tools are frequently used. The applicability 
of these subscale tests to larger motors has always been questioned, even 
in simpler steady-state operations. It is not surprising that these time- 
dependent phenomena may not translate readily among scales of hardware. 
The availability of extensive computational tools appears to aid our efforts. 
But the accurate formulation of the governing equations with distributed 
heat release in a time-dependent, three-dimensional domain is not yet in 
hand. Thus, a judicious combination of computations and experiments 
appears to be the most economically realistic approach at the present time. 
The second consideration is the importance of materials used for these 
suppression devices. It is hardly necessary to remind ourselves of the ex- 
tremely hostile environment of high-temperature two-phase flows of cor- 
rosive fluids in an unsteady field. Very few materials can withstand such 
an atmosphere for long. The mechanical form of the suppression device 
can change during the rocket f iring. The device can also affect the tem- 
perature distribution in the cavity. This may not seem very important, but 
the sonic velocity depends directly on the temperature, and the frequency 
of oscillation depends directly on the sonic velocity. In fact, it may be 
necessary, in our designs, to allow for the time degradation of the me- 
chanical device. Future materials may help. Until very inexpensive high- 
temperature materials become available for use in these hostile environ- 
ments, the author believes that designers may have to exploit the changing 
device to their advantage in instability suppression. 

The second observation is that, mathematically, the rocket motor cavity 
can be shown to be capable of sustaining, and indeed exciting, several 
basically different modes of acoustic oscillations; many combinations are 
also seen as possibilities. In practice, however, only two basically different 
modes and a possible third are overwhelmingly seen in actual rocket mo- 
tors. The first is the tangential mode(s), especially common in motors with 
a high L/D ratio. The second is the longitudinal mode. The third is the 
spinning, or helical, mode, which is sometimes easily inferred from the 
grain surface erosion pattern or phase relations among transducers placed 
along the length of the motor. It may also be argued that the helical mode 
is really a combination of the longitudinal and tangential modes (at least 
for the purposes of this chapter, whose main aim is suppression of insta- 
bilities). Acoustic barriers, or energy sinks, which are used to dampen 
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oscillations, block the modes. Those that block the longitudinal and tan- 
gential modes may also be expected to be effective against these helical 
modes. For these important reasons, we will consider, in detail, the lon- 
gitudinal-mode suppression and the tangential-mode suppression. The other 
modes can be handled as judicious combinations of these techniques. 

A. Tangential-Mode Suppression 

This is best illustrated by the series of systematic studies conducted by 
Mathes at the Naval Weapons Center. 16 It is particularly instructive that 
the example is one of retrofit. 

The basic propellant grain design is shown in Fig. 4. The two diamet- 
rically opposite tapered fins, protruding into the circular bore, run nearly 
the entire length of the grain and persist through most of the burn. It is 
essentially required to suppress the tangential-mode instability (common 
with these high L/ D motors) through resonance rods that are small in 
diameter compared to the perforation diameter of the grain. Six different 
resonance-rod cross-sectional shapes were selected, as shown in Fig. 5. An 
inert model using the configuration corresponding to 75% web burn was 
initially chosen for an investigation of the suppression tendencies of these 
rods. The placement of the resonance rods is exemplified by the "zee" 
rods shown in Fig. 6. In these inert tests, an acoustic driver was used to 
excite acoustic oscillations, and then the driving was abruptly stopped. The 
decay of amplitude was measured, and the damping coefficient a was 




Fig. 4 Cross section of acoustic model (1 in. = 2.54 cm). 
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Fig. 6 "Zee" resonance rods (1 in. 



= 2.54 cm). 
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Table 1 Summary of test results 



Resonance rod Acoustic damping 



Frequency, Damping, 3 



Description 


Symbol 


Mode type 


riz 


r. - 1 
s 


Cb 
ij 


None 


0 


Ti 


1632 


-14.14 


0.07 






T 2 


2708 


-45.02 


2.50 


Standard 


■ 


T, 


1627 


-17.45 


0.63 






T 2 


2695 


-48.22 


2.38 


Straight zee 




Ti 


1491 


-24.43 


0.43 


Cross 


© 


T, 


1440 


-26.64 


0.47 


Ex 


® 


T, 


1447 


-27.26 


1.20 


Wye 


® 


T, 


1432 


-26.40 


0.44 


Regular zee 


© 


T, 


1410 


-28.44 


1.26 


a Mean of three 


measurements. 


b Standard deviation, 


estimated from range. 





calculated in the usual manner as a = ( /*A 2 ~ /i'A^/At. Care was exercised 
to ensure the reproducibility of the test results. 

The results are shown in Table 1. It is evident that the state-of-the-art 
resonance rods do provide damping, but the "ex" and the "zee" rod cross 
sections are much better. 

Based on these preliminary results, which showed the initial "ranking" 
of the candidate rods, actual live motor tests were performed. The control 
motor used the state-of-the-art motor with the Standard square-rod design. 
The results are shown in Table 2. The measured maximum peak-to-peak 
amplitudes in the three cases were significantly different. The amplitude 
was 100 psi (6.8 atm) for the Standard (square-rod) case, 13 psi (0.88 atm) 
for the "ex" case, and only 9 psi (0.61 atm) for the "zee" case. It is clear 
that instability suppression was achieved to a remarkable degree through 
simple variations in the Standard resonance-rod approach. 



Table 2 Percentage increase of acoustic damping relative to existing design 

Rod type Symbol Change in damping, % 

Standard ■ 0.0 

Straight zee © +40.0 

Cross 0 +52.7 

Ex ® +56.2 

Wye ® +51.3 

Zee © +63.0 
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It is important to understand the fundamental principles behind these 
results. The "ex" and the "zee" provide the maximum blockage of the 
tangential-mode instability among the six variations tested. This is partic- 
ularly evident in examining the "cross" and the "ex" shapes, which are 
practically identical except for the orientation with respect to the tangential 
flowfield. 

B. Longitudinal-Mode Suppression 

Since the basic principles of suppression were described earlier, longi- 
tudinal-mode suppression is again best understood in terms of some specific 
examples. One advantage associated with this study is the availability of 
a laboratory device that has been much used (and probably a little misused 
and abused) because of the ease with which longitudinal-mode instability 
is excited with live propellants or an inert acoustic driver. The device is 
the popular T-burner. Suppression devices for longitudinal instability are 
tested in a T-burner and screened for effectiveness before implementation 
in costlier motor tests. One of the best series of systematic tests is reported 
by Colucci. 17 The initial study was based on the work of Oberg et al. 18 

Thirty-eight laboratory tests in T-burners, along with actual rocket motor 
tests consisting of eighteen 2.75-in. (7-cm) -diam motors, six ATR, and 
four AIM-7F motor tests, were conducted with suppression devices for 
longitudinal instability. Understandably, extra care was taken with hard- 
ware and heavywall versions of some of the motors used. The details of 
the laboratory tests are summarized in Table 3. It is clear that many 
variations on the baffle type and propellants were tried. Center-vent 
motor test results with various resonator configurations are summarized 
in Table 4. 

Both in-place and cantilevered baffles were evaluated. In-place baffles 
are usually embedded within the propellant grain, placed before casting, 
or affixed to the motor case. These baffles could be either single-orificed, 
multiorificed, or configured to the grain vis-a-vis finocyl baffles. The open- 
area fraction cr was determined for damping large pressure amplitudes (p). 
Differences in damping at two different axial positions U L were deter- 
mined. Table 3 shows that the S-3 propellant in this grain configuration 
produced wild oscillations. The maximum peak-to-peak amplitude was 560 
psi (34 atm), with the mean pressure at 746 psia (50.8 atm). 

Care was taken to isolate the possible damping effects of the rods used 
to support the cantilevered baffles through separate tests. Cantilevered 
baffle plates placed within the propellant grain at the approximate position 
ratio l/L = 0.1 reduced, but did not eliminate, the pressure amplitude or 
suppress the growth. They were effective only when the flow area was 
small compared to the cross-sectional area (early in the burn). The other 
family of baffles, namely, the in-place baffles, was screened with area ratios 
varying from 0.6 to 0.25 in single- and multiorificed configurations. The 
lower open-area ratios gave the better damping. The test with the smaller 
baffle (ct = 0.4) completely eliminated the pressure oscillations. 

When the effectiveness of the resonators is screened, the factor account- 
ing for a reduction in the sonic velocity is important. Oberg et al. 18 sug- 



&AIAA 

Purchased from American Institute of Aeronautics and Astronautics 



Table 3 Baffle test results (1 in. = 2.54 cm; 14.7 psi = 1 atm) 



Initial Average Final test Internal EOF 
conditions pressure conditions growth decay Peak to peak 
Grain _ 



Type of test 


length, 
in. 


c 

in. 2 


a b 




P', 
psia 


Hz 


P\, 
psia 


Ph 
psia 


//. 
Hz 


s -1 


«D, 

s- 1 


AP g , 
psia 


A/'o, 
psi 


Remarks 


3-grain control 


3 


12.5 


1.0 


— 


500 


1295 


598 


696 


1163 


113 


-35 


511 


142 


S-3 control test. Compare results 


4-grain control 


4 


16.4 


1.0 




553 


1300 


746 


939 


1150 


58 


-22 


560 


680 


S-3 control test. Compare results 


Support rod control 


4 


16.4 


0.93 




519 


1340 


715 


911 


1200 


67 


-20 


569 


411 


1/4 diam x 2-ft-long steel rod 
alone 


Cantilevered baffle d 


3 


12.5 


0.20-0.72 


0.09/0.91 


500 


1350 


585 


671 


1160 


40 


-19 


236 


309 


Baffle/SD-830 material eroded 
and bent. 0.8D Micarta 
material substituted 




3 


12.5 


0.40-0.78 


0.09/0.91 


560 


1325 


686 


813 


1150 


26 


-18 


120 


326 


0.7D baffle charred, neg. erosion 




4 


16.4 


0.20-0.72 


0.116/0.894 


496 


1370 


732 


968 


1200 


25 


-23 


111 


685 


0.8D baffle charred, neg. erosion 




4 


16.4 


0.10-0.68 


0.116/0.894 


540 


1340 


685 


830 


1125 


37 


-28 


113 


479 


0.85D Micarta baffle, delays 
oscillation. Onset 100 ms 




4 


16.4 


0.72 


0.395/0.605 


493 


1300 


675 


857 


1220 


269 


-16 


98 


94 


Tab baffle at /,/L = 0.395 


Orificed baffle 


3 


12.5 


0.60 


0.395/0.605 


506 


1250 


640 


779 


1125 


709 


-43 


353 


363 


Baffle cast from SD-830. Lost one 
baffle during test 




3 


12.5 


0.60 


0.395/0.605 


502 


1220 


608 


713 


1190 


93 


-16 


50 


33 


Repeat of #9 with steel. Baffle 
SD-830 washcoat D = 1.16 
diam 




4 


16.4 


0.60 


0.395/0.605 


540 


1300 


724 


909 


1150 


217 


-41 


150 


100 


No erosion, cleaned up and 
reused from test #9 




3 


12.5 


0.40 


0.395/0.605 


500 


1200 


637 


774 


1125 


87 


-16 


28 


16 


Steel baffle SD-830 washcoat. No 
erosion, will reuse D = 0.95 



33 
> 



diam 
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3 


12.5 


0.25 


0.336/0.664 


497 




607 


717 












Ali oscillations in fundamental 




4 


16.4 


0.25 


0.336/0.664 


502 




648 


794 




— 


— 


— 


— 


I mode completely dampened. 
>Some very low 2nd & 3rd 
mode present —10 psi. 
' D = 0.75 diam 




4 


16.4 


0.40 


0.336/0.664 


495 


1325 


697 


899 


1160 


161 


-22 


68 


21 


^1 Toward end of firing, 




4 


16.4 


0.40 


0.395/0.605 


505 


1250 


704 


903 


1190 


131 


-23 


61 


15 


I oscillations were completely 
[dampened out. D = 0.95 
J diam 


MiiltiorifirpH hnfflp 

a**.uilii_/i.iiiv,v>\j l/c*ih^ 


4 


16.4 


0.40 


U. J jO/U.OO i + 


SOS 




1.711 

o / y 














Fundamental mode dampened. 
Some higher mode present ~; 
psia 




4 


16.4 


0.40 


0.395/0.605 


511 


1264 


705 


901 


1165 


84 


0 


8 




Somc higher mode present 


Aluminized control 


3 


12.5 


— 





521 


755 


620 


645 


710 


+ 95 


-21 


118 


120 


Alum. prop. ANB 3066 




4 


15.4 


— 





507 


700 


586 


700 


675 


+ 96 


-30 


173 


123 


Alum. prop. ANB 3066 




4 


16.4 


— 


— 


262 


760 


475 


135 


650 


+ 108 


-25 


77 


18 


Resonator cont. with ANB 3066 
prop 


Multiorificed baffle 


3 


12.5 


0.40 


0.233/0.767 


506 




593 


679 








— 


— 


4 holes, each 0.474 diam 


Single-orificed baffle 


3 


12.5 


0.25 


0 733/0 767 

V . £-,J-J/V/ . /VI/ 


560 


620 


649 


737 


n 
U 


i O 
T 6 


— /U 


2 


1 


oingle orifice, U. /5 diam 


Multiorificed baffle 


4 


16.4 


0.40 


0.330/0.670 


469 


700 


570 


690 


675 


0 


-120 


0 


5 


No instability, pulsed twice, 
uneven ignition 




4 


16 4 


0 60 


U. JJU/U.u /u 




/UU 


630 


730 


625 


+ 60 


-49 


54 


11 


Pulsed, steel baffle burned 
through adjoining holes 




4 


16.4 


0.50 


0.330/0.670 


492 


690 


598 


704 


600 


+ 9 


— 


3 


0 


Pulsed, asbestos phenolic 
material. No burn-through 


Single-orificed baffle 


4 


16.4 


0.40 


0.330/0.670 


486 


725 


610 


720 


610 


+ 29 




3 


3 


Pulsed, same 3rd mode present 


Combined orifice 


4 


16.4 


0.40 


0.330/0.670 


518 


2225 


620 


717 


2560 


0 




0 


0 


Stable until pulse. Low-amp 4th 
mode 


and cantilevered 






0.20-0.27 


0.110/0.890 




















baffle 





























a Tirne-averaged burning surface area. "Ratio of baffle free-flow area to chamber cross-sectional area. c Time from first indication of T-burner 
pressure rise (ignition) to onset of instability (fundamental mode). d Cantilevered baffles or tabs provide initial damping only. Qualitatively, -P 
is same as control after 3-400 MS. p 
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Table 4 Resonator test results (1 in. = 2.54 cm; 14.7 psi = 1 atm) 





Grain 
length, 
in. 






Initial 

conditions 


Average 
pressure 


Final test 
conditions 


Internal 
growth 


EOF 
decay 


Peak to peak 




Type of test 


in. 2 


a» 


P', 
psia 


f', 
Hz 


Pl 
psia 


Pf' 
psia 


/t. 
Hz 


«g, 
s-> 


a D, 
S" 1 


APg, 
psia 


AP D , 
psi 


Remarks 


Control resonator 


4 


16.4 




336 


1325 


401 


586 


1050 


225 


— 77 


372 


148 


Control test choked the nozzle. 
Max AP = 560. 


Ouarterwave resonator 


4 


16.4 


0.05 


362 


1200 


412 


462 


1230 


51 


-43 


25 


215 


Did not record resonator 
transducer Various growth 
and decay regimes. 


Quarterwave resonator 


4 


16.4 


0.05 


308 


1150 


394 


480 


1150 


104 


-25 


24 


212 


Various growth and decay 
regimes. Max AP = 42 psi. 


Ouarterwave resonator 


4 


16.4 


0.05 


300 


1300 


390 


461 


1125 


89 


-26 


280 


114 


J.L111U i./ t TA. iOUllaLUl VallUUj 

oscill. Max AP - 280 psi 
peak- peak. 


Intermediate configuration 


4 


16.4 


0.05 


174 


1800 


416 


448 


1300 


+ 58 


-40 


25 


56 


Max. osciII. 46 psi peak-peak. 


Helmholtz resonator 


4 


16.4 


0.05 


381 


1700 


438 


496 


1300 


63 


-17 


29 


22 


ala 0 = 1.0 max AP = 31 psi 
psi at EOF. 


Helmholtz resonator 


4 


16.4 


0.05 


335 


1719 


410 


418 


1340 


+ 26 


-15 


14 


16 


afa 0 = 0.8 max AP = 25 psi 
peak— peak. 


Helmholtz resonator 


4 


16.4 


0.05 


279 


1800 


465 


117 


1125 


+ 44 


— 69 


16 


5 


Pulsed, extra long ignition 
transient. Max AP - 21 psi. 
First pulse missed. 


Helmholtz resonator 


4 


16.4 


0.05 


319 


2050 


472 


304 


960 


+ 49 


-35 


22 


5 


Pulsed, third long. mode 
measured. Max AP = 43 
psi. 


Helmholtz resonator 


4 


16.4 


0.05 


347 


1575 


480 


59 


1075 


+ 59 


-42 


13 


8 


Extra long ignition transient, 



co 
ro 



pulsed. Third mode freq. 
Resonator on LEC only 
(unsymmetric). Max \P ■■ 
35 psi. 



> 

o 
> 



a Time-averaged burning-surface area. b Ratio of baffle free-flow area to chamber cross-section area. 
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gested a ratio of approximately 0.6 to be used as a starting point. To render 
this rule more applicable to solid rockets, and to reduce the empiricism, 
Colucci 17 introduced several thermocouples located within the cavity. Three 
basic resonator designs were experimentally evaluated: quarterwave, in- 
termediate, and Helmoltz resonators. These were tested first in the 
T-burner. The results are summarized in Table 4. 

The pressure drop across a baffle could become important. Usually, the 
baffle will be buried in-place within the propellant grain. The baffle will 
become exposed as the firing progresses (i. e., a decreases). The ratio of 
the baffle-flow area to the cross-sectional area (a) should be such that, 
even at the time of the worst instability, a < 0.3 was necessary to completely 
dampen the oscillations. The problem of total pressure drop across the 
baffle cannot be ignored. To estimate this quantity, Fig. 7 is reproduced 
here from Ref. 17. The required contraction coefficient C c can first be 
assumed to have a value of 0.8 for a square or flat-edged orifice baffle. 
As the baffle erosion progresses, the sharp edge becomes more rounded 
and the C c eventually approaches unity. The baffle location, to maximize 
effectiveness, is determined through a simple analysis of the longitudinal- 
mode instability, as described elsewhere in this book. The location is de- 
termined to maximize damping of several modes. It should be remembered 
that the baffle damping coefficient is proportional to the square of the 
pressure gradient. It can be shown 17 that the damping coefficient is 

S^gApdp'/dz 

ab = K^r^f (7) 

Twelve 2.75-in. (7-cm) -diam motors, with tests 1-8 using an aluminized 
propellant and the other four using a smokeless propellant, were fired. 
The results are summarized in Table 5. A control motor with no suppressor 




Fig. 7 Orifice baffle pressure drop. 
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Table 5 Summary of 2.75-in.-diam heavywall motor test (1 in. = 2.54 cm; 14.7 psi = 1 atm) 



Chamber pressure 

Lab 

Test run cr» Puise 0.1 s, 1.0 s, Max, Time dc 

no. no. Propellant Suppression device (SJS b ) time, s psi psi psi of max, s shift 



Oscillatory behavior 

Pressure 
Time of amp, Freq., 
max amp, s psi Hz 



Remarks 



1 6868 ANB 3241-2 None 
(16% Al) 



1.00 1.01, 1.6 1760 1720 2550 1.08 Yes 



2 6875 ANB 3241-2 Resonator, tuned to 0.04 1.02 1 6 1757 1717 2778 1 40 Yes 

(16% Al) 765 Hz 



3 6892 ANB 3241-2 2 resonators, tuned to 0.063 1.10,1.6 1690 1727 2912 1 34 Yes 

(16% Al) 765 and 1600 Hz 

4 6874 ANB 3241-2 Single-orificed baffle 0.21 1.01,1.6 1800 1805 2100 1.02 None 

(16% Al) 

5 6884 ANB 3241-2 Multiorificed baffle 0.36 1.05 1 6 1974 2355 2928 1 20 Yes 

(16% Al) 



6 6891 ANB 3241-2 Cantilevered baffle 0.04-^0.93 1.00, 1.6 1770 1675 2540 1 04 Yes 
(16% Al) 



1.04 



1.52 



1.37 



1.40 



1.05 



467 790 Aluminized control test. Stable 
until pulsed 973 psi dc shift 
following lst pulse. 

434 1550 Helmholtz resonator tunes to 
760 Hz. 3rd mode unstable. 
800 psi dc shift following lst 
pulse. 

102 1590 2 resonators used in series, 3rd 
mode unstable. 1030 psi dc 
shift following lst pulse. 

— — Completely stable, no dc shift, 
no oscillations. 

158 755 Baffle eroded between holes 
and center ejected. 400 psi 
shift at 0.6 s + 550 psi dc 
shift following lst pulse. 

200 760 Support rod fractured. One of 
4 nozzle throat inserts 
ejected. 



33 
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7 6915 ANB 3241-2 Finocyl baffle 
(16% Al) 



0.26 1.01, 1.6 1575 1775 1900 1.02 Yes 1.05 



8 6936 ANB 3241-2 Combined cantilevered 0.04-^0.93 1.01, 1.6 2020 1820 2440 1.35 Yes 1.20 
(16% Al) and recessed orifice 0.3 



9 6937 ANB 3429 None 
(smokeless) 



10 6938 ANB 3429 Finocyl baffle 
(smokeless) 



11 6939 ANB 3429 Single-orificed baffle 
(smokeless) 



12 6940 ANB 3429 Resonator, tuned to 
(smokeless) 1210 Hz 



1.00 1.02, 1.52 920 1260 2900 1.72 Yes 1.50 



0.26 1.01, 1.52 900 1400 3300 0.52 Yes 1.30 



0.21 1.02, 1.52 880 1400 1700 1.52 None 



0.04 1.02, 1.52 940 1300 3200 1.70 Yes 1.60 



40 1450 Piston pulser assy. ejected. 

Large opening left in 
forward closure. Pressure 
falls rapidly. 

500 2400 Support rod again fractured. 

Recessed baffle a too large 
to provide damping. 

2000 760 Smokeless control, 800 psi dc 
shifts following lst puise. 
1500-2000 psi peak-peak 
oscillation. 

1100 2300 12,500-Hz tangential instability 
at 0.5 s, 2000-psi shift at 
0.52 s. Another 1150 psi dc 
shift follows pulse. 3rd 
longitudinal mode 
oscillation. 

— — Completely stable, no 

oscillation or dc shift. Early 
burnout of aft propellant 
segment gives plateau. 

100 1600 Resonator tuned to 1210 Hz. 

lst & 3rd longitudinal mode 
unstable. 



"Area ratio, suppressor through-flow to channel cross section; SJS C . 
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Table 6 Summary of analysis of 2.75-in.-diam motor with baffles (1 in. = 2.54 cm) 



00 
00 

o 









First 




Second 




Third 




Fourth 






longitudinal mode 


longitudinal mode 


longitudinal mode 


longitudinal mode 








R b at 




R b at 




R b at 




R b at 




Time, s 


Freq., 


marginal 


Freq., 


marginal 


Freq., 


marginal 


Freq., 


marginal 




Hz 


stability 


Hz 


stability 


Hz 


stability 


Hz 


stability 




0 + 


Oo / 


Z.ol 




1455 


1.94 


2269 


1.68 


3000 


1.53 


Basic acoustic cavity 


0.6 


742 


2.53 


1529 


2.35 


2334 


2.25 


3139 


2.26 


1.0 


762 


2.48 


1554 


2.57 


2359 


2.46 


3176 


2.55 




1.6 


773 


2.68 


1574 


2.71 


2386 


2.72 


3208 


2.94 




n 
U 


687 


L. i i 


1455 


1.94 


2269 


1.69 


3085 


1.63 


In-place baffle 


0.6 


737 


2.51 


1523 


2.26 


2336 


2.29 


3113 


2.22 




1.0 


756 


2.46 


1547 


2.44 


2367 


2.54 


3143 


2.57 




1.6 


764 


2.67 


1561 


2.54 


2394 


2.80 


3165 


3.02 




U 


670 


2 66 


140/ 


1. /o 


2256 


1.76 


3031 


1.66 


Cantilevered baffle at 


0.1 


709 


2.63 


1457 


2.10 


2264 


1.75 


3095 


1.72 


18 in. ( X /L = 


0.6 


743 


2.46 


1530 


2.31 


2332 


2.24 


3139 


2.22 


0.65) 


1.0 


765 


2.43 


1553 


2.55 


2357 


2.45 


3176 


2.53 




1.6 


774 


2.65 


1573 


2.71 


2384 


2.74 


3208 


2.92 




0 + 


509 


3.56 


1003 


L. 1Z 


1 £1 o 

toiy 


1.63 


2352 


1.62 


Helmholtz resonator 


0.6 


600 


3.72 


1027 


2.07 


1617 


2.15 


2374 


2.19 


(2.565-in. cavity) 


1.0 


640 


3.45 


1019 


2.03 


1614 


2.41 


2387 


2.42 




1.6 


684 


3.29 


1040 




1610 


2.63 


2402 


2.70 


Helmholtz resonator 


0 


564 


4.19 


1099 


2.35 


1678 


1.61 


2383 


1.55 


(1.5-in. cavity) 


0.6 


656 


3.19 


1161 


2.46 


1654 


2.09 


2385 


2.18 


760-Hz design 


1.0 


694 


2.96 


1176 


2.50 


1642 


2.36 


2394 


2.41 


1.6 


729 


2.95 


1179 


2.66 


1629 


2.59 


2306 


2.69 


Helmholtz resonator 


0 


594 


3.81 


1172 


2.48 


1733 


1.63 


2408 


1.53 


(1.0-in. cavity) 


0.6 


682 


2.96 


1277 


2.75 


1712 


2.04 


2410 


2.16 


1210-Hz design 


1.0 


716 


2.79 


1315 


2.92 


1694 


2.29 


2404 


2.39 


1.6 


745 


2.85 


1347 


3.09 


1671 


2.51 


2412 


2.68 



> 
o 
> 
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Fig. 8 Aluminized propellant; a) control motor test; b) single-orifice baffle test. 



was fired, and the pressure-time history is shown in Fig. 8a. Pressures were 
measured both at the forward and aft ends of the motor. For comparison, 
the single-orifice baffle result is shown in Fig. 8b for the aluminized pro- 
pellant. The forward and aft faces of the in-place baffle holder were in- 
strumented with pressure transducers. The aft face pressure was always 
higher. A possible explanation for this curious result is as follows: The 
orifice flow emerges, forming a vena contracta, and expands to fiil the 
channel completely after a reattachment point. The recirculation zone re- 
sults in a very high burn rate locally for the propellant. The static pressure 
was probably measured just outside the slot. This hypothesis was also 
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verified by independent additional pressure measurements. The important 
stability calculation aid in all of these is the tabulation of the response 
function of the propellant that leads to marginal stability, for various modes, 
as the burn progresses (Table 6). It is seen that, when the response function 
is significantly lower than 2.2, the motors are expected to be stable; also, 
as the burn progresses, the trend is toward stability. 

Next, experiments are reported in 3.75-in. (9.5-cm) -diam motors that 
used pulsing for possible triggering of instability. Available response func- 
tion data, deduced from T-burner studies, were insufficient for a stability 
analysis. Hence, data are presented as the minimum response function 
value needed for instability to occur. This is shown in Table 7 for the first 
four longitudinal modes. The remarkable improvement in stability with 
the introduction of baffles is evident from this table. The time-dependent 
nature of the damping effectiveness cannot be overemphasized. To illus- 
trate this aspect, the conditions in the motor at t = 1.6 s after ignition are 
shown in Table 8. 

The most promising of these baffle suppressors were next tested in a 
much larger motor. The motor is designed to deliver dual thrust from a 
single grain; the design is shown in Fig. 9. Because of its earlier successes 
in the 2.75-in. (7-cm) -diam motor, the in-place baffle (flush with initial 
propellant bore) was selected here. The baffles were made of asbestos 
phenolic material, with steel backing for stiffness. A longitudinal-mode 
instability analysis was performed with and without the baffles. Two baffle 
shapes were analyzed at one location, a dimensionless length 1^1 L = 0.62. 
A six-fin star baffle, essentially flush with the grain at this location, and 
an equivalent-diameter (same ct) single-orifice baffle were analyzed. The 
neutral stability results are shown in Fig. 10 for various times and for 
different values of the velocity-coupled response function Rv = 
(r' b /r b )/v'/v. Although the baffles increase the stability (decrease the re- 
sponse function value) , there appears to be no difference between the two 
baffles. Hence, the single-orifice baffle was chosen for further studies. 

Many exhaustive analyses of the pressure drop, thermal loads, and re- 
lated stability issues are available in Ref. 5. The key result of direct interest 
to this chapter is shown in Fig. 11. Remarkable stability enhancement is 
evident. In fact, it is concluded in Ref. 5 that they achieved overdamping. 
Here is a ready example of the nonlinear effects mentioned in Sec. III. F. 
The (fluid dynamic) drag of these rods is most obvious in the lateral di- 
rection, yet it suppresses longitudinal modes. This can only be through 
cross terms. 

C. Nondevice Suppression 

In many instances, suppression may be achieved by simple modifications 
to the propellant grain, without the introduction of foreign devices in the 
hostile environment of the rocket motor. The basic principle remains, as 
stated earlier: provide a damping, or drain, mechanism for the acoustic 
energy. Recalling that the acoustic energy is only a minute fraction of the 
combustion energy released even in the most violent instability field, it 
would appear natural to drain the acoustic energy without fear of adverse 
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Table 7 Longitudinal-mode frequency and propellant response for marginal stability: ATR motor (1 in. = 2.54 cm) 



First Mode Second Mode Third Mode Fourth Mode 



Timp / s 

X XIII. V' *• j J 


Freq., 
Hz 


R„ at 
marginal 


Freq., 

riz 


R h at 
marginal 

C t" O V\1 1 i+\t 

sidumiy 


Freq., 
riz 


R b at 
marginal 
stability 


Freq., 

II, 

HZ 


R b at 
marginal 
stability 


u. u, no Dame 


533 


1.80 


957 


2.23 


1526 


1.60 


1877 


1.98 


u. o, no banle 


511 


1.82 


980 


2.82 


1520 


2.09 


1993 


3.22 


u. o, Datile at Zo.o in. 


492 


1.77 


973 


2.36 


1497 


2.89 


1905 


2.26 


0.8, baffle at 31.3 in. 


503 


1.93 


929 


2.58 


1503 


1.61 


2023 


3.00 


1.5, no baffle 


499 


2.48 


988 


3. 19 


1501 


2.91 


2023 


3.67 


1.6, baffle at 26.8 in. 


469 


2.46 


977 


2.44 


1470 


4.83 


1918 


2.34 


1.6, baffle at 31.3 in. 


486 


2.81 


928 


3.21 


1465 


1.85 


2051 


3.13 


0.0, cantilevered baffle at 18.625 in. 


533 


1.74 


952 


2.29 


1530 


1.46 


1859 


2.04 


0.0, disk baffle at 25.450 in. 


537 


1.90 


964 


2.16 


1530 


1.53 


1875 


1.86 
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Table 8 Longitudinal-mode stability analysis for 3.75-in. 


■diam pulsed ATR motor (time = 1.6 s; 1 in. 


= 2.54 cm; 


1 lb = 0.45 kg) 


Configuration 


Quantity calculated 




Mode 






First 


Second 


Third 


Fourth 


No baffle 


T-iYp n 1 1 p n pv T-T? 


AQQ 


yoo 


1501 


2023 




K (eigenvalue), 1/in. 


0.0731 


0.1450 


0.2201 


0.2967 




R b at marginal stability 


2.48 


3.19 


2.91 


3.67 




£? = ip dV, lb 2 /in. 


161.70 


165.58 


160.44 


157.47 




pTPniiPnpv T-T7 




y 1 1 


1470 


1918 


Anprtnrp hafflp 


/(T ( pi orpn vnlnp^ 1 /in 
iv v^i&^ii V alUC 1 , ±/111, 


U.UDoo 


U. 14jj 


0.2157 


0.2814 


at ?5 7 in 


i\£ ai in dijilidi rsLdUlllly 




O /1/1 

Z. 44 


4.83 


2.34 


p ij = n 57 


K at haffle in 2 

O c di UdlliC, 111. 


1 7^ 
1 . / D j 


1. / JJ 


1.755 


1.755 


cr = 0.20 


{dpldzf at baffle, lb 2 /in. 6 


0.0982 


0.1086 


0.5906 


0.8403 




/i, — }p av, ib /in. 


181.85 


141.06 


237.73 


130.14 




Baffle damping, a 4 = — l/s 


1223.0 


421.0 


599.0 


915.0 




Frequency, Hz 


486 


928 


1465 


2051 


Aperture baffle 


^(eigenvalue), 1/in. 


0.0713 


0.1362 


0.2149 


0.3008 


at 32.95 in. 


R b at marginal stability 


2.81 


3.21 


1.85 


3.13 


tJL = 0.73 


5 C at baffle, in. 2 


1.901 


1.901 


1.901 


1.901 


a = 0.21 


{pldzf at baffle, lb 2 /in. 6 


0.0520 


0.3311 


0.2880 


0.0205 




Ej = Sp 2 dV, fb 2 /in. 


177.02 


172.73 


143.71 


147.15 




Baffle damping, a t = — l/s 


648.0 


1159.0 


487.0 


17.3 
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Fig. 9 Dual-thrust single-grain tactical motor. 




n i 



8 9 



2 3 4 5 6 7 

Fig. 10 Stability of advanced sparrow motor (baffled and unbaffled). 
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Fig. 11 Comparison of baffle damping and control a decay following motor 
pulsing at 5.2 s. 



rocket performance in terms of the designed ballistics (I sp , for example). 
The art of rendering this concept practical is far from simple, however. 

One simple means of providing this alternative path for the acoustic 
energy is through holes drilled radially in the grain at the appropriate 
places. The emphasis is, of course, on the choice of appropriate locations. 
Wimpress 19 indicates remarkable success in suppressing instability in mo- 
tors through holes drilled radially in the grain. Figure 12 shows the effects 
of the holes in suppressing instability, whereas the undrilled regions of the 
grain show variable web thicknesses during partial quench, indicating in- 
stability effects. Stabilization with radial holes is shown in Fig. 13. 
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Fig. 12 Partly burned grains, showing effects of unstable burning in undrilled 
regions. 



Inasmuch as this chapter is intended to provide a scientific basis for 
instability suppression, it would be highly interesting to see if we can 
account for Wimpress' 19 empirical observations. If we are reasonably suc- 
cessful, it would increase our confidence in future designs. Let us examine 
his observations one at a time. 1) "Two or more holes in a given plane 
at right angles to the grain have no more stabilizing effect than a single 
hole at the same point." The draining of the acoustic energy at the peak 
pressure location should depend on the available area, to some extent, and 
not on how that area is provided. This is also consistent with the obser- 
vations of Colucci, 17 who did not find any effect from the number of holes 
in an orifice baffle so long as the total flow area through the orifice baffle 
plate was held the same. 2) "The stabilizing effect of a hole is slightly 
decreased if the diameter of the hole is made very small in comparison 
with the axial perforation. However, increasing the diameter of the radial 
hole beyond about 0.4 times that of the axial perforation does not add to 
the stabilizing effect." The gasdynamics of energy draining will depend on 
the viscous effect of the flow through the radial hole. The general range 
of the area ratio of 0.2, used earlier, is not too different from the diameter 
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Fig. 13 Stabilization of burning with radical holes. 



ratio of approximately 0.4. 3) "Critical spacing between radial holes ap- 
pears to be nearly independent of web thickness and diameter of axial 
perforation, although in some cases slightly greater spacing is permissible 
when the diameter of the perforation is increased." It is obvious that the 
radial hole spacing is completely dependent on the longitudinal-mode pat- 
tern in the cavity for proper matching of the acoustic pressure relief. The 
longitudinal-mode pattern is obviously not dependent on the flow area 
(perforation diameter) or the grain web thickness. As the flow area in the 
axial direction increases, so does the diameter. Hence, the requirements 
of the precise location of the "acoustic drains" will be somewhat less 
stringent. The larger-diameter radial hole is really a manifestation of this 
greater latitude allowable in the location. 4) "Critical spacing between 
radial holes is a function of powder composition and increases as heat of 
explosion and burning rate decrease . . . It appears that no radial holes at 
all may be required for very slow burning powders." We must be careful 
to isolate the two effects, which we now know to be different and indeed 
unrelated. First, let us consider the energetics. As the heat of explosion 
decreases, so, usually, does the sonic velocity. Hence, the wavelength 
increases, and so does the spacing between the peaks of the standing wave 
pattern in the longitudinal mode. The burning rate, on the other hand, 
may be related to the response function and, as the burning rate decreases, 
the combustion driving a c may also decrease (actually increase, using the 
usual sign convention of negative a for driving and positive a for damping) 
and, eventually, may not be sufficient to sustain instability. 
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Suppression by means other than damping devices includes several tech- 
niques involving configuration of the propellant charge to eliminate un- 
stable modes, use of the igniter case as a damper, and configuration of the 
end sections of the charge and liners to enhance damping and "mess up" 
wave reflections. For transverse modes, the shape of the cross section of 
the gas conduit strongly affects the stability of the modes. For longitudinal 
modes, transitions in the conduit cross-sectional area affect stability, as do 
the details of the flowfield for submerged nozzles. Avoidance of ejection 
of any fragments through the nozzle is important to prevent pulsed lon- 
gitudinal instability. 

D. Innovative Concept for Stability Promotion 

One of the most challenging problems in instability suppression is the 
elimination of instability, or at least minimization to within tolerable limits, 
at an advanced stage of development. The designer may have very few of 
the traditional tricks left at that stage. The author is aware of one case in 
which the instability proved so difficult to eliminate that heavier (stiffer) 
mechanical components had to be introduced in the delicate instrument 
housing, causing the designer to give up on the suppression solution! The 
difficulty arises from the fact that the propellant and motor designs are 
determined as two components of a very complex system. Major changes 
are usually not possible. 

In an effort to find minor changes that can give us major gains in stability, 
it would be worthwhile to inquire into the main causes of combustion 
instability. The propellant grain acts as a heat (thermal-energy) reservoir 
and periodically discharges energy into the vapor phase. Phase relations 
between the two can sustain instability. In this charge-discharge cycle of 
thermal energy, the coefficient of thermal conductivity k c of the condensed 
(solid) phase plays an important role. The lower the thermal conductivity, 
the less efficient this charge-discharge process. It is tempting to formulate 
a propellant with a very low coefficient of thermal conductivity. The fun- 
damental burning-rate equations 20 reveal that the time-independent burn 
rate is dependent on the square root of the conductivity; hence, the steady- 
state burn rate would be adversely affected. What we need is a propellant 
that has a good value of k c in the steady state and a low value of k c in the 
unsteady state. In addition, if this can be effected with a very minor com- 
positional change, a motor that is unstable may be amenable to stability 
remedies through this simple change of k c through such a change in grain 
production. A fairly thorough effort based on these thoughts, was con- 
ducted at JPL. 21 

The k c value of a composite material, such as a composite propellant, 
appears to be determined by the weight fractions of the (high k c ) crystalline 
and metal ingredients and the (low k c ) polymers, and the quality of thermal 
contact between the two families of ingredients. If there is good thermal 
contact, the composite k c appears to be on the upper curve, and, if the 
contact is poor, the lower curve appears appropriate in Fig. 14. Since the 
composition is fixed on the x axis, the real question is: Can the propellant 
be on the upper curve during steady combustion and be on the lower curve 
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Fig. 14 Variation of k c for a composite material. 



at the onset of instability? An important aspect of unstable combustion is 
the oscillatory nature of most variables, such as pressure, density, and 
temperature. We can readily appreciate that the temperature fluctuation 
amplitude cannot be much 22 because of the limitations imposed by the 
Arrhenius reaction-rate term. But the small temperature increase must be 
exploited for effecting the k c decrease of the composite. That is, if the 
thermal contact quality can be made to deteriorate with a slight temperature 
increase, the k c may be made to decrease. What we need is a material coat 
on the oxidizer crystal; the material coat should have the specific property 
of thermal stability up to a certain temperature (surface temperature in 
steady-state solid-propellant combustion) and undergo rapid degradation 
even a little beyond this temperature. 

Eight different chemicals were screened in the thermogravimetric ana- 
lyzer (TGA) for this degradation evidence. The results are shown in Fig. 
15. Two of the more promising candidates, polyvinyl alcohol (PVA) and 
polymethyl methacrylate (PMMA), were chosen for actual coating of the 
AP particles in a ammonium perchlorate/hydroxyl-terminated polybuta- 
diene (AP/HTPB) nonmetallized family of propellants. The coating tech- 
nique took many months to evolve, since agglomeration of the particles 
had to be avoided. The most effective process is shown in Fig. 16. Scanning 
electron microscope photographs of the coated AP showed no significant 
agglomeration, as seen in Fig. 17. A more thorough determination of the 
possible change in the particle size was done through Brunauer-Emmett- 
Teller (BET) surface adsorption measurements. (BET is a technique for 
measuring surface area through gas absorption.) It was seen that the process 
shown in Fig. 16 introduced less than 1% change in the particle surface 
area. The mean burn rates of the control and the two trial propellants are 
shown in Fig. 18. The propellants were tested in an L* burner that has 
been described in great detail elsewhere. 22 

Typical pressure-time histories are shown in Fig. 19. It is clear that the 
coating does promote stability, with very little adverse effect on other 
proven good features. For a more scientific interpretation, the f uli stability 
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Fig. 15 TGA test results of coating candidates. 



map was obtained on the L* P diagram, as is shown in Fig. 20. It is clear 
that the H5 propellant (with PVA coating) was rendered substantially more 
stable than the control. The H4 propellant (PMMA coat) appears to be 
more stable at higher pressures but more unstable at lower pressures. It 
is possible that the lower burn rates associated with the lower mean pressure 
resulted in a deeper thermal profile in the solid, thereby allowing the 
PMMA to "cook" longer; this may have promoted a loss in effectiveness 
at these lower pressures. 

The applicability of the low-pressure L* results to high-pressure oper- 
ational motors has been questioned for some time. The results presented 
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Fig. 16 Coating technique. 
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Fig. 17 AP 0.1 PVA coated. 
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Fig. 18 Burning rate vs pressure of the propellant batches. 
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Fig. 19 Pressure time history of H4 propellant. 



here form a self-consistent set, proving the technical and practical feasibility 
of the concept of stability through the technique of thin coats on the AP. 
Unstable propellants were rendered stable in certain regions of pressure 
and L*. Applicability to higher-pressure ranges should be explored. 

V. Summary and Future Prospects 

This chapter has attempted to illustrate the basic principles behind the 
suppression devices. After the fundamental principles are understood, the 
implementation involves variations on the mechanical details, which are 
always amenable to creative designs, and material availability. Neverthe- 
less, practical examples were also given of the successful suppression of 
instability in two of the most common modes of instability in solid rockets: 
longitudinal and tangential. The examples are given in sufficient detail to 
help the practical designer with implementation or the analyst with a set 
of data to predict through theory. To show once again that many of the 
well-established "practical" rules used in suppressors are entirely consis- 
tent, and indeed explainable, with the fundamental theoretical consider- 
ations, four of the better-known guidelines from the classical work of 
Wimpress 19 were examined. It was seen that these successful empirical 
rules for the location and sizes of holes to combat longitudinal-mode in- 
stability are merely a restatement of the nature of acoustic instability out- 
lined in this chapter. In addition, even the qualitative statements used to 
characterize the instability tendencies of solid propellants are consistent 
with the more recent response function theories that describe combustion 
instability. 

Instability suppression was shown to involve the delicate balance of 
energy addition (positive or negative) rates among four principal mecha- 
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Fig. 20 Stability map of the propellants. 

nisms: combustion, flow-turning, nozzle, and particulate damping. The 
energy distribution in the acoustic field may involve many modes and 
related harmonics. It is soon realized that the number of variables is truly 
enormous. It was also shown through a simple calculation that the com- 
bustion contribution to the acoustic field need be only a fraction of a percent 
of the total combustion energy-release rate to establish unacceptable levels 
of oscillations. Hence, the solution of the instability problem, in the most 
general sense, may never be possible; only particular solutions may have 
to be worked out. It was also recognized that this severe imbalance of 
energy availability and need should be exploited to our advantage in com- 
bating instability. That is, we can well afford to sacrifice a fraction of a 
percent of the total available energy in the rocket cavity if that is all it 
takes to drain the acoustic field. 

Paying careful attention to the factors in instability right from the for- 
mulation stage should help us avoid instability. In cases in which small 
design changes or unforeseen modifications result in instability, suppression 
techniques are the practical means to stability. However, instability effects 
in flight motors, after the fact, are a painful reality. 24 In such cases, we 
can only wish that some of these suppressor devices had been used. Unusual 
types of instability suppression may also be necessary in unusual situa- 
tions. 25 Self-sustained oscillations may also become apparent where none 
are expected. 23 Fundamental work in the general area is also described by 
Beckstead and Raun. 26 Novel techniques may be needed to solve cases in 
which all else has already been tried or conventional techniques are not 
possible because of practical considerations. A powerful technique that 
may be worthy of further pursuit was outlined: coated oxidizers are shown 
to result in greater stability when used scientifically and carried through a 
reasonably extensive development. It was shown that less than 1% of a 
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coat material is sufficient to render unstable motors stable. No adverse 
side effects were seen either. Some of the Russian designs can be learned 
from Refs. 27 and 28. 

At this writing (1991), the technology of real-time active controls finds 
increasing applications in many practical devices. It would be most inter- 
esting to explore this for the suppression of solid rocket instability, where 
the author is not aware of any application as yet. The author learned from 
Professor Martin Summerfield that Dr. H. S. Tsien mentioned this pos- 
sibility to him in the 1940s. Tsien's early work (and the Cal Tech work) 
are available in Refs. 29-31. In addition, the credit for this original idea 
is usually given to Bollay. 32 The idea of real-time active control of com- 
bustion instabilities has been recently taken a step further towards reali- 
zation through the work of Fung and Yang . 35 In this paper they theoretically 
analyze nonlinear oscillations under a distributed external influence. An 
optimization procedure is developed for selecting controller gains and lo- 
cation of sensors and actuators. These advances reinforce the hope that 
future suppression mechanisms may include intelligent monitoring systems. 
Obviously, the technology in the area of microsensors and microcontrollers 
is far advanced today compared to the 1950s. In addition, several of these 
high-tech devices have become very inexpensive and are available through 
mass production. Optics is another area of technology that has seen mi- 
crominiaturization and very rapid advances in recent years especially for 
medical technology. Fiber-optic sensors and guides are available in almost 
micron sizes, that is, smaller than the usual heterogeneity scales of rele- 
vance to most composite propellants. Introduction of such devices in solid- 
propellant grains may be possible without adversely affecting the proven 
and fairly well-understood combustion and interior ballistic mechanisms 
or energy release. With the use of these modern sensor/diagnostic tech- 
nologies, it should be possible to render the motor self-damping; we still 
need a high-tech mechanism for the actual implementation of the required 
combustion/acoustic interaction. That is, the mechanics of suppression can- 
not be through sensors alone. 

Fortunately, a high-tech means of altering the fundamental "nature- 
prescribed" mechanism of combustion, the path of free-radical (FR) in- 
fluences, is seeing rapid development at the time of this writing. Free 
radicals are highly reactive, short-lived, transient species that are generated 
and consumed naturally in combustion reactions. They are critically 
important in sustaining combustion. One theory indicates that their 
(un)availability is the cause of rich, lean, and aerodynamic limits of com- 
bustion, since, thermodynamically, there can be no such limits in adiabatic 
flames. The idea of making available augmented doses of FR in the req- 
uisite concentration at the requisite site and time has been pursued for 
some time. Extension of rich and lean limits and ignition in high-speed 
flows were demonstrated as feats beyond currently used technology. The 
methods of delivery left much to be desired. By their very reactivity, a 
large population of injected FR is destroyed before getting to the required 
site. It was not economical. 

A fundamentally different delivery scheme was demonstrated in 1985. 33 
A free-radical donor was premixed with a combustible solid (coal). This 
donor is stable up to a predetermined temperature and decomposes near 
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the reaction temperature. The decomposition products include FR. Thus, 
in situ delivery was achieved and was shown to enhance coal reaction rates 
by 30%. Similar techniques have recently been used to augment high-speed 
turbulent flame anchoring. 34 Therefore, we also seem to be gaining a better 
understanding of the technology of controlling the fundamental combustion 
mechanisms themselves and also in altering these. 

The author envisions a future propellant containing high-tech sensors 
and FR donor devices in such small fractions as not to affect the proven 
/ sp , service life, mechanical properties, or case bondability. After careful 
formulation of a propellant with instability suppression designs, the signal 
is processed and the FR donor is activated if imminent instability is sensed. 
The combustion is controlled sufficiently to avert the feeding of energy to 
the acoustic field, taking into account the phase relations. We seem poised 
not only to speculate on such possibilities but also to actually realize such 
high-tech wonders within the next decade. Unexpected encounters with 
instability, cumbersome mechanical suppressors, quests for high-temper- 
ature materials, and a host of related problems may all become history. 
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Chapter 21 



Status and Prospects for Future Developments 

E. W. Price* and G. A. Flandrof 
Georgia Institute of Technology, Atlanta, Georgia 



Nomendature 

A = parameter in the expression for the pressure-coupled combustion 
response function resulting from one-dimensional models, Eq. (11), 
dimensionless 

A b = acoustic admittance of the thin combustion zone, Eq. (1), dimen- 
sionless 

a = velocity of sound, LT' 1 

B = parameter in the expression for the pressure-coupled combustion 
response function resulting from one-dimensional models, Eq. (11), 
dimensionless 

C = coefficient in the approximation formula for dependence of mean 

burning rate on pressure, Eq. (13), M _ "L (1 + " ) T' 2 "~ 1 
/ = frequency of oscillation, w/2-rr, Hz 

M = amplitude of oscillation in mass flow rate across the "admittance sur- 
face" at the outside edge of the (thin) combustion zone, dimensionless 

M b = Mach number of flow across the admittance surface, dimensionless 

m = mass flow rate out of the combustion zone, ML~ 2 T~ l 

n = pressure exponent in the approximation formula for dependence 
of mean burning rate on pressure Eq. (13), dimensionless 

P = amplitude of pressure oscillation, dimensionless 

p = pressure, ML~ 1 T~ 2 

R = M/P, dimensionless 
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< 3i xy = complex combustion response function: oscillatory response of 
the property x of the combustion zone to oscillating flowfield prop- 
erty y (usually x is m and y is p or v) [see Eqs. (2), (7-10)], 
dimensionless 

r b = regression rate of the burning surface, L T -1 

T = period of oscillation T = 2tt/w = l/f, J; also temperature, K 

t = time, T 

u = flow velocity normal to the admittance surface, L T -1 

a = growth rate of oscillations, e. g., Eq. (3), dimensionless 

© = phase of the mass flow-rate oscillations relative to the pressure 

oscillations, 0 = got, rad 
k = thermal diffusivity of the solid propellant, L 2 IT 
\ = complex variable connecting Eqs. (11) and (12), dimensionless 
t = time lead of the mass rate oscillations relative to the pressure os- 
cillations, T 
w = frequency of oscillations, rad/s 
Cl = nondimensional frequency, Eq. (12) 

Subscripts and Superscripts 

r = real (in-phase) component 

i' = imaginary (quadrature) component 

(") = oscillatory component 

(~) = time average 

Introduction 

RESEARCH on nonsteady combustion of solid rocket propellants has 
been in process for 50 years. The combustion scientist sees it as an 
endless challenge, to be attacked by studying simplified analytical and 
physical models chosen to achieve tractable mathematics and experiments. 
But propellants are not simple, and neither is their combustion, especially 
nonsteady combustion. The 50 years of research represents a diversity of 
efforts to solve problems at a variety of different practical levels, transient 
problems such as ignition, oscillatory combustion, quenching, thermal ex- 
plosion, initiation of detonation, and transition from deflagration to det- 
onation. Aside from controlled ignition and controlled quenching, these 
nonsteady phenomena are generally unwanted. Unfortunately, they are 
perfectly natural, and their avoidance is just as important as attainment of 
particular desired steady-state burning characteristics. Indeed, there has 
probably been more propellant combustion research aimed at avoiding 
unwanted nonsteady behavior than research aimed at understanding and 
controlling steady-state combustion. 

To the extent that the success of the applied science of propellant com- 
bustion is judged by its ability to predict the combustion of real propellants, 
the combustion scientist must strive to understand extraordinarily complex 
behavior of complex and diverse systems. Rigorous detailed modeling and 
computation based on complete equations of conservation, thermochem- 
istry, and chemical kinetics is not usually a viable option in such complex 
systems, so that recourse is taken to a hierarchy of simplifying assumptions 
that are chosen to yield tractable analysis while, it is hoped, preserving the 
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essence of controlling processes. The hierarchy of assumptions differs ac- 
cording to the transient phenomenon under consideration, the features of 
the particular propellant, and the geometrical and environmental con- 
straints. The analytical developments are tested by experiments aimed at 
evaluating the hierarchy of assumptions and at testing the predictive ca- 
pability of the theory. Ideally, this interplay between analysis and exper- 
iment should lead to progressive refinement of theory and experiments. 
This often does not happen, however, because both the analysis and ex- 
periments are very difficult and financial support of research is often too 
mercurial to encourage long-term planning and focusing of research. For 
all of these difficulties, the applied science of transient combustion has 
come a long way. In the community of applied scientists, the transient- 
combustion phenomena are at least qualitatively understood, and the an- 
alytical models have been verified experimentally with propellants for which 
the models were tailored. 

This book collects a large part of the applied science of transient com- 
bustion and reveals its present status. In most general terms, it shows that 
the applied science has provided qualitative understanding of the transient 
phenomena but only limited capability to predict behavior quantitatively. 
Propellant chemists and propulsion engineers are generally not trained in 
the applied science and do their best with past experience, a collection of 
specialized diagnostic (ballistic) tests, and such guidance as they can get 
from combustion scientists. Increasingly, propulsion engineers are adopting 
computerized design programs for ignition systems and standardized pro- 
grams for computation of combustor stability, drawing also on prior char- 
acterization of propellant "ignitability" and combustion response obtained 
by laboratory scale testing. Although such methods are costly and inac- 
curate, they represent the promise of rational (rather than trial-and-error) 
design, the practical goal of all of the research. 

In the following, one topic is chosen for discussion to illustrate how 
complex transient-combustion problems have been handled and how well 
they have been "solved." The topic, response of combustion to combustor- 
flow oscillations, is chosen because 1) a great deal of research has been 
concerned with this topic, 2) a general discussion will help put the more 
specialized discussions in earlier chapters in perspective, and 3) it is an 
excellent example of the strategies by which these complex problems are 
addressed and of the extent to which solutions to the problems are achieved. 

Combustion Response 

In a rocket motor, the combustion process is responsive to the gas os- 
cillations in the combustor cavity, and this response is the primary cause 
of oscillatory instability. This combustion response is also the most com- 
plicated aspect of the oscillatory phenomenon, involving as it does the 
transient response of a poorly known combustion process to a poorly de- 
termined nonsteady gas-flow environment. A variety of assumptions are 
usually made to obtain tractable analytical models for combustor-stability 
analyses, and the models in use have corresponding recognized deficiencies 
that need further consideration in the future. A rigorous description of the 
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gas field would have to include compressibility, viscosity, turbulence, three 
dimensions, chemical change, and two phases. Most models use small- 
perturbation theory (linearization) and assume isentropic behavior, single 
(gas) phase, chemical change only in special locations, and geometrical 
simplification, such as one-dimensional motion. (Analytical models often 
start out with at least partial provision for three dimensions, distributed 
heat release, two-phase effects, etc. Actual solutions are achieved by a com- 
bination of simplifying assumptions that limit generality and of experimen- 
tal inputs like response functions that replace part of the physicochemistry.) 

A rigorous description of the nonsteady propellant combustion would 
have to deal with complex reaction-rate expressions, both in the combustor 
volume and at the burning surface. Description of the combustion is gen- 
erally complicated by chaotic heterogeneity of the propellant and a cor- 
respondingly complex combustion zone. Most models of combustion stability 
assume that the combustion is concentrated near the combustion surface 
(cavity walls) and that the details of the combustion are only poorly de- 
termined. It is widespread practice in combustor-instability computations 
to assume that the combustion zone is not only thin but also one dimen- 
sional and that it is the same everywhere on the burning surface. Such 
assumptions may often be satisfactory but are sometimes very wrong, and 
a novice in the problem can be led seriously astray or become confused 
by apparently contradictory approaches. The following discussion seeks to 
clarify the various strategies that have been used to describe oscillatory 
combustion response, as well as the areas in which further progress is 
needed. 

Decoupling the FIow and Combustion Problems 

The assumption that the combustion zone is localized near the propellant 
surface permits us to treat the combustion as a boundary condition in the 
fluid dynamics problem, greatly simplifying stability analyses by removing 
the chemical reactions from the cavity flow analysis. The validity of the 
assumption depends on the size of the combustor and on the combustion 
characteristics of the propellant at the pressure in question. Propellants 
that release slow-burning, condensed-phase components into the flow (e. g. , 
large oxidizer crystals or aluminum agglomerates) have extended combus- 
tion zones that depend on the extended flowfield. Some propellants (e. g., 
double-base or nitramine) have extended combustion zones at lower pres- 
sure, simply because of the slow-reaction kinetics. Propellant charges made 
up of separate sections of different composition can give rise to large-scale 
mixing reactable flows. In situations such as this, the flow and combustion 
problems are coupled in the volume of the combustor (analogously to 
liquid-propellant engines) . Almost all stability computations in solid rocket 
motors and laboratory burners use the thin combustion zone assumption, 
which then defines the combustion dynamics problem as the response of 
a thin combustion zone at the cavity wali to an imposed flow environment. 
The nature of the flow environment allowed in the analysis of combustion/ 
flow interaction is then constrained by the assumptions used in analysis of 



(&AIAA 

iLiVbU'ifvaBhriinfBmkmImfy Purchased from American Institute of Aeronautics and Astronautics 



FUTURE DEVELOPMENTS 853 

the combustor flow (with the possibility that important features of the real 
flow may be missing in the interaction model). 

Response Function 

As noted in the chapter by Culick and Yang in this volume, contributions 
of the thin combustion zone to the acoustic energy in the combustor can 
be characterized by an acoustic admittance at the outer edge of the com- 
bustion zone: 

A b = (m)/(p/p) (i) 

This would appear to define the combustion dynamics problem as deter- 
mination of u/ a for a given imposed pressure oscillation. If such a definition 
is used, however, there are several aspects of the problem that cannot be 
ignored without jeopardizing the stability analysis: 

1) The pressure oscillations are not the same everywhere, and so their 
spatial distribution must be considered (e. g., their effect must be integrated 
over an acoustic mode). This is usually done in stability analyses. 

2) The combustion zone is not the same everywhere in the combustor 
because of effects of the mean flow environment (or difference in the 
propellant). This is usually not addressed in stability analyses, although it 
is acknowledged in steady-state combustor modeling (and referred to as 
"erosive burning"). 

3) The combustion zone is responsive to other attributes of the oscil- 
lating flow environment, not only p/p (i. e., u/a is not a unique function of 
p/p). This is sometimes addressed by the concept of "velocity coupling," 
but with poor modeling of the real physics and indecisive results. 

4) Although ui 'a appears to imply a one-dimensional combustion zone, 
the actual combustion zone of a heterogeneous propellant is not one di- 
mensional on the scale of the combustion zone thickness, and a means 
must be devised to calculate an average u/a averaged on a scale that is 
small compared to combustor dimensions but large compared to the scale 
of heterogeneity of the propellant. 

The foregoing gives some idea of the problems and needs for determi- 
nation of the admittance of the combustion zone. The actual calculation 
is reduced to determination of "response functions," which show how 
quantities that affect u/a oscillate when p oscillates. Response functions 
will be designated here by the symbol with two subscripts. The first 
designates the oscillating quantity x that 3i xy describes, and the second 
designates the oscillating property y of the flowfield that induces the os- 
cillation in x. The usual example would be 2^ mp , i. e., the oscillatory re- 
sponse in mass burning rate to an incident pressure oscillation. Another 
familiar example would be 2ft m .„, where v refers to velocity oscillations 
parallel to the burning surface, and a less familiar one would be < 3i v . rP , the 
oscillatory response in molecular weight of the reaction products due to 
composition oscillations induced by pressure oscillations. The role and 
nature of these response functions can be seen by using the continuity 
equation and equation of state in perturbed form to get the contributions 
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to acoustic admittance due to pressure oscillations (Ref. 1): 

A b = ^/^ = M b {^ p + - S^-p - 1) (2) 

where < 3i Tf , P consists of a part due to compression and expansion of the gases 
during oscillation, a part due to oscillation of the temperature of gases 
leaving the surface, and a part due to oscillations in mixture ratio of surface 
efflux due to difference in kinetics of decomposition of ingredients. A 
further contribution due to oscillation in relative surface areas of different 
ingredients at the surface is usually omitted from models (although this 
difference in area ratios with pressure is clearly evident in steady-state 
burning) of heterogeneous propellants. 

Keeping in mind that the manner in which flow oscillations perturb the 
combustion zone is not fully known and that it is known to involve more 
than just response to pressure oscillations, the following will focus on the 
most commonly considered response, 9i mp , to explain the nature of re- 
sponse functions and how well they are determined. 

In a linearized analysis of the cavity oscillations, the oscillations of pres- 
sure in a specific cavity mode must have the form 

R = Pe a pl cosw , (3) 
P 

where P is the amplitude of oscillation at some arbitrary time t = 0 at a 
specified location on the acoustic mode; the exponential factor describes 
the growth of amplitude with time. If the mass burning rate oscillates in 
response to the pressure oscillations, 

~ = Me°""' cosw(r + t) (4) 
m 

where M is the amplitude at t = 0, and a m is usually assumed to be equal 
to a p so that mass-rate oscillations are proportional to pressure oscillations. 
In general, the mass-rate oscillations are not in phase with the pressure 
oscillations, and u>t describes the phase lead of mass rate over pressure. 
Thus, if a p = a m , the relation of mass-rate oscillation to pressure oscil- 
lations is characterized by a ratio of amplitudes 

«-f w 

and a phase 

© = wt (6) 

In analytical descriptions of the oscillating system, complex variables are 
usually used to keep track of R and @, and the response is described by 
a complex variable, e. g., Sft m>p , 

^m, P = R m , P coswt + iR m p sinwT (7) 

= m,^ p + m m , p (8) 
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2g= Rcoson 



^!=Rsintur 



Fig. 1 Complex response function. 



which can be pictured in the complex plane as in Fig. 1, and 



R = VWf^Wf 

0 = wt = tan^i? sinwT/7? coswt] = tan[9W9fc r ] 



(9) 
(10) 



Then an objective of analysis of the dynamic response of the combustion 
zone to pressure oscillations would be to determine 2ft m p , to put in the 
expression for A b in Eq. (2) . Such an analysis would yield <3l mj> as a function 
of propellant formulation, time-average combustion-zone flow environ- 
ment (p, v, etc.), and oscillation frequency / = w/2tt. A complete analysis 
will also give <3l miV , 9^, <3i TftP , etc. 

Pressure-Coupled Mass-Rate Response Function 

Of the various response functions previously noted, the response of mass 
burning rate to pressure oscillation §i m p is usually the most important and 
has been studied most thoroughly, both experimentally and analytically. 
Experiments for its measurement are described in the chapter in this vol- 
ume by Strand and Brown, and strategies for analysis are described in the 
chapters by Novozhilov and by De Luca. The goal of analysis is to obtain 
R and wt vs frequency, mean pressure, and propellant temperature and 
composition. The strategy is to choose a physicochemical model of the 
combustion that embodies the dominant processes while remaining sus- 
ceptible to tractable analysis. The choices made in this process are nec- 
essarily subjective and are generally tailored to some specific class of 
propellants. In most models, the combustion zone is characterized as a 
semi-infinite solid slab with a thin, heated surface layer, with conversion 
to a gas at the surface and exothermic reaction in the gas phase (usually 
in concentrated flames; see the chapter in this volume by De Luca for an 
exception). Some models consider the presence of exothermic reactions at 
the surface, and the surface and flames sometimes are described in terms 
of the heterogeneity of the propellant and burning surface. The simplest 
models that have utility are a class that includes the following assumptions: 

1) Gas-phase processes are fast enough compared to the period of os- 
cillations to warrant neglect of transient terms in conservation equations 
for the gas phase, the so-called quasisteady gas-phase assumption. 

2) The propellant is homogeneous. 

3) There is a one-dimensional approximation. 



(&AIAA 

HnWa^ffiiimihiiioipiimiaiilfAf Purchased from American Institute of Aeronautics and Astronautics 



856 E. W. PRICE AND G. A. FLANDRO 

A review of most such models can be found in Ref . 2. These are referred 
to in this chapter as QSHOD models (indicative of the principal approx- 
imations). It was shown by Culick 2 that such models lead to a pressure- 
coupled mass-rate response function of the form 

AB 

^ = ^-04 + l) + X + A/X 

where X is a complex variable related to frequency by the relation 

k(X ™ 1) = XI = kco/(?J 2 (12) 

The ratio k/(? & ) 2 is a relaxation time for the thermal wave in the solid- 
phase part of the combustion wave, and (2tt/co) is the period of oscillation, 
so that Cl is a nondimensional frequency. Thus, 91 is a function of the 
parameters A, B, k, and n, which are often assumed to be properties of 
the propellant; co is the frequency of oscillation in rad/s; and r b is the mean 
burning rate (which is usually known as a function of pressure and tem- 
perature), often represented by the relation 

h = c(py (13) 

Expressions can be obtained from Eqs. (11) and (12) for R, cot, ( 3i r , and 
2ft' in terms of Cl. In a stability analysis, it is usually the real part of the 
response function that is needed (at least where < 3i m p is concerned; see the 
chapter in this volume by Culick and Yang). ( 3i r m ^ p describes the component 
of the mass-rate oscillation that is in phase with pressure. 

Equation (11) often correlates the trend of 2ft vs Cl reasonably well when 
values of A, B, and n are chosen to give a data fit at some reference state. 
The values cannot be chosen from basic information because the exact 
meanings are somewhat different in different QSHOD models (see Ref. 
2) and represent global quantities whose values are not usually known. As 
noted in the chapter in this voulme by Ramohalli, the factor n in Eq. (11) 
arises from the necessity that the response function approach a value of n 
as the frequency goes to zero. This implies that the response function for 
a mesa propellant would vary strongly with mean pressure at all frequencies 
(being negative in the pressure range where n is negative). This pressure 
dependence of 91 is not evident with mesa propellants, suggesting that 
introduction of the factor n to satisfy the low-frequency limit compromises 
the description of the behavior at frequencies of greater interest. This 
problem is less important for typical propellants for which n is relatively 
insensitive to pressure, and Eqs. (11) and (12) then provide a useful in- 
troduction to the nature of the pressure-coupled mass-rate response func- 
tion. The trend of 2ft with Cl is illustrated in Fig. 2 for typical combinations 
of A and B. The figure shows the dependence of the magnitude R and 
phase cot on Cl. Reference 3 discusses the trend further. The QSHOD 
models do not embody any effects of propellant heterogeneity except as 
it is reflected through the r b in Eq. (12) and the n in Eq. (11), and the 
model does not give the particle size and pressure dependence of 2ft evident 
in experiment data (see, e. g., Ref. 4). For this, a more complex combustion 
model is required. 
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Fig. 2 Magnitude and phase of < 3i m , p , based on Eq. (11), for various values of A 
and B. 



Combustion models for composite propellants generally have to invoke 
some multiple-dimensional description of the gas-phase flame that provides 
for the reaction of microscopic mixing flows from oxidizer and fuel sites 
on the surface. Since the dimensional scale of the mixing flows depends 
on the dimensions of the surface heterogeneity (e. g., oxidizer particle size), 
the combustion depends on the propellant microstructure. The details of 
the combustion model also depend on the pyrolysis characteristics of the 
individual ingredients and the thermochemistry and kinetics of their in- 
teraction. Considerable effort has been devoted to the development of 
models for steady-state burning of heterogeneous propellants and to the 
comparison of their predictions with experimental burning-rate data (e. g., 
Refs. 5-7). The status of the oscillatory combustion problem is less sat- 
isfactory because modeling is more difficult, and experimental data are 
scarce and of uncertain accuracy. One strategy for modeling transient re- 
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sponse is to use a steady-state model (for heterogeneous propellant) to get 
the burning rate and use it in a QSHOD model (experimental burning- 
rate data could be used instead, if available). This strategy does not provide 
a clear basis for choice of the parameters A and B, which are defined in 
terms of a one-dimensional combustion zone. In the Novozhilov approach 
(see the chapter in this volume), equivalent parameters are obtained from 
the steady-state burning-rate data, without any recourse to detailed gas- 
phase flame models. 

A direct attack on modeling of the transient response of heterogeneous 
propellants requires the following: 

1) The local structure of the combustion in a small surface region (same 
scale as the propellant heterogeneity) should be realistically described. 

2) The local coupled response of flame, surface, and subsurface should 
be described. 

3) The local response contribution from all sites on the surface should 
be properly summed, with due regard for interaction. 

Since the surface heterogeneity is generally a random array with two or 
more ingredients, a complete model generally resorts to statistical descrip- 
tion, accompanied by some averaging scheme to simplify the statistics. A 
"unit flame" construct has generally been adopted (e. g., Fig. 3) to describe 
the flame complex associated with each oxidizer particle. The dynamic 
response of such a unit flame complex (local site) is calculated for particles 
of each size, and a weighted sum of response is determined, based on the 
relative amount of burning surface for each size present. 

There are a variety of schemes embodying the preceding strategy (e. g., 
Refs. 1, 8-10) that differ in the following ways: 

1) what unit flame complex is chosen; 

2) how the unit flame complex is actually modeled; 




Fig. 3 Flame complex associated with an individual oxidizer (AP) particle (as in 
Ref. 5). 
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3) how the unit flame complex and its interaction with the surface are 
perturbed; 

4) how the population of unit flame complexes is described; 

5) what interaction of different unit flame complexes is allowed; and 

6) how the response of unit flame complexes is summed. 

At this point, it would be difficult to evaluate or rate the schemes that 
are currently operational because the computer programs are not widely 
available and there is a dearth of experimental data to compare with the 
models. The problem for the future is to establish an organized effort to 
evaluate current programs by comparison of predictions among different 
programs and comparison with experimental determinations of response 
for a wide range of propellant variables, pressures, and frequencies. The 
cost of the experimental side of this effort (e. g., tests described in the 
chapter in this volume by Strand and Brown) is currently prohibitive unless 
some coordinated effort is made. 

Other Response Functions 

As noted earlier, the admittance of the combustion zone depends on 
several "response functions" < 3i x<r The specific function 2/l m ^ was chosen 
for detailed discussion because it is usually most important, most amenable 
to analytical modeling, and most susceptible to measurement (see the chap- 
ter in this volume by Strand and Brown; most measurements probably are 
determinations of the combined contributions of all pressure-coupled re- 
sponses 91^). In stability analyses (e. g., Refs. 11 and 12), it is customary 
to include a "velocity-coupled" mass-rate response 8ft mj „ (see the chapter 
in this volume by Culick and Yang), which is viewed as a sort of nonsteady 
counterpart to erosive burning. The velocity oscillation is the nonsteady 
motion of the gas flowfield parallel to the burning surface (oscillation about 
the mean velocity). The concept of velocity coupling is usually invoked in 
analysis of the stability of longitudinal modes of the combustor, in the 
context of one-dimensional models for the gas oscillations. In that con- 
text, there is no ambiguity about what is meant by velocity and velocity 
oscillations — their spatial distribution depends only on axial location. Ef- 
forts to model, measure, or apply velocity-coupled response to stability 
analyses have not been particularly successful, although they leave the 
distinct impression that there really is responsiveness of the combustion 
zone to shearing-type flow, yet to be clarified. One can appreciate some 
of the difficulties with defining, modeling, and measuring this responsive- 
ness by considering some of the features of the combustion-flow situation: 

1) The combustion zone is usually located at the sidewalls of a con- 
duit, whereas the perturbing velocity used is usually based on the one- 
dimensional model of the gas oscillations in the conduit, a velocity that 
has no simple relation (amplitude or phase) to velocity near the combustion 
zone (which is in the mean flow boundary layer, a region of vortical shear 
flow, often referred to as the acoustic boundary layer). 

2) However the velocity oscillations are defined, they represent oscil- 
lations back and forth over (and in) the combustion zone, and the com- 
bustion zone (if viewed as macroscopically one dimensional) cannot tell 
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the difference between back and forth. In transverse mode oscillations, 
where there is often no component of mean flow velocity parallel to the 
oscillatory motion near the surface, the combustion response is conse- 
quently doubled in frequency (rectified) and does not amplify the exciting 
mode (but may increase the mean burning rate). In longitudinal modes, 
where there is a mean flow parallel to the oscillatory motion, a similar 
"rectified" response may develop at larger amplitudes if the half-amplitude 
of the oscillations is larger than the mean velocity. 13 

3) The responsiveness of the combustion to gas oscillations (either par- 
allel or perpendicular to the surface) depends on location on the propellant 
charge surface because the combustion zone depends on the state of the 
adjoining mean flowfield (as evidenced by the well-known steady-state 
erosive burning effect). This complicates the stability analysis by making 
the response function dependent on the mean flowfield. The effect is usu- 
ally neglected but without supporting justification other than convenience. 

4) Viewed as response at a specific frequency (and stationary acoustic 
mode), the velocity oscillation is normally 90 deg out of phase with the 
pressure oscillations. However, it is usually the component of combustion 
oscillation in phase with the pressure oscillation that is responsible for 
amplifying the acoustic motion, i. e., the imaginary part of the velocity- 
coupled combustion response. If one assumes that the dynamics of response 
of the combustion zone to velocity disturbances is similar to dynamics for 
pressure disturbances, the frequency dependence of velocity-coupled am- 
plification would thus be very different from that for pressure-coupled 
response (somewhat like the imaginary part of response of Sft m p , with 
maximum destabilizing effects at lower or higher frequencies than for R mp ) . 
It may be more than coincidence that velocity coupling tends to be impli- 
cated in instabilities in long motors with low longitudinal mode frequencies. 

5) Another unique feature of velocity coupling arises from the fact that, 
whereas velocity oscillations are everywhere 90 deg out of phase with the 
pressure, phase can be either a lead or a lag, depending on location on 
the acoustic mode. As a result, velocity-coupled response that is destabi- 
lizing in one part of the combustor is stabilizing in another part. Then the 
net contribution of velocity coupling depends on the distribution of burning 
surface "on the acoustic mode," with response at some locations counter- 
acting response at others. 

Some of the complexities of the parallel-flow/combustion coupling just 
described (notably items 2, 4, and 5) are accounted for in the stability 
analysis. However, the analysis uses the simplistic concept of velocity cou- 
pling, which fails to represent the known features of gas motion in the 
region of the combustion zone and provides no mechanistic model of how 
the gas motion affects the combustion. This is an area of current study, 
and it requires the use of very advanced computations of the fluid dynamics 
(viscous, rotational, multidimensional, sometimes with turbulence and/or 
two-phase flow) and multidimensional transient modeling of the combus- 
tion zone, as yet largely unexplored (see Ref. 14). 

As consideration is given to coupling of the perturbation behavior in the 
gas phase (multidimensional), the need to consider the coupled behavior 
of each part of the flame to the surface source of its reactants becomes 



(&AIAA 

S^VhU'fhnmhfitBf^i^imif Purchased from American Institute of Aeronautics and Astronautics 

FUTURE DEVELOPMENTS 861 

more evident and inevitably will lead to examination of the importance of 
composition oscillations noted earlier and in Ref. 1. In general, it can be 
said that analyses of combustion/flow interaction that deal with multidi- 
mensional features of the process are somewhere between nonexistent and 
primitive, and experimental measurements are costly and of uncertain rel- 
evance to the real rocket-motor problem. Comparison of results of stability 
analyses and motor tests indicate that this is a critical barrier to progress. 

Status of Combustor Stability Computations 

Most major motor developers have some kind of computer program for 
calculating linear stability of a given combustor geometry with a given 
propellant surface geometry. The computation is carried out for each acous- 
tic mode of concern and for a sequence of cavity-burning surface geometries 
corresponding to succesive times during burnup of the charge. These com- 
puter programs are based on the small-perturbation theory described in 
the chapters in this volume by Culick and Yang and by Mathes. In such 
computations, the contribution of the combustion dynamics is represented 
by burning-surface admittances, which are determined by appropriate bal- 
listic tests (see the chapter in this volume by Strand and Brown) or by 
separate response function modeling. Each laboratory or company has its 
own policy regarding how to handle "flow turning," particulate damping, 
and provision of response functions, although cooperatively developed 
"Standard" programs exist that are more widely used when interlaboratory 
comparisons are needed (e. g., Refs. 11 and 12). Each laboratory usually 
has one person who is responsible for stability calculations and input data. 
Most computations are made in the context of new motor development, 
with the goal of anticipating and reducing the risk of instability and iden- 
tifying the acoustic modes most likely to be unstable. If instability is en- 
countered, such computations are used to help select modifications to 
achieve stability. The outcomes of such applications of computer programs 
are not widely reported in the literature (see the chapter in this volume 
by Mathes). Personal discussions suggest that trends of stability with design 
variables (and sometimes with frequency and mean pressure) are predicted 
correctly but that magnitudes are not reliable. The lack of accuracy is 
probably due to uncertainty about experimental inputs, such as response 
function data and size distribution of condensed-phase reaction products 
responsible for the two-phase flow damping. Although considerable prog- 
ress has been made in measurements of combustion response in laboratory 
burners (see the chapter in this volume by Strand and Brown), the cost of 
measurements has limited their availability, and the applicability or suf- 
ficiency of laboratory burner data to the motor situation is still uncertain. 
In addition, there are specific situations in which the computational model 
or the experimental inputs are particularly suspect: 

1) Combustion response of aluminized propellants is usually not well 
measured. 

2) Laboratory data on shear-flow/combustion interaction ("velocity 
coupling") are rarely available and of uncertain relevance to the motor 
situation. 
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3) Nonlinear effects are addressed only in special programs of uncertain 
applicability. 

4) Past experience with response functions is not easily extended to 
propellants involving new ingredients. 

In general, it is probably f air to say that the weakest point in the com- 
putation of combustor stability is the continuing shortage of combustion 
response data, especially a response other than that measured in pressure- 
coupled laboratory combustors. Progress in this area depends on 1) more 
basic knowledge of combustion-zone processes and structure, 2) laboratory 
burner tests that can measure shear-coupled response unambiguously, and 
3) reduction of cost of all response function tests so that extensive system- 
atic data can be obtained for guidance in physical and mathematical mod- 
eling and validation and for use in motor-stability computations. A fluid 
dynamic problem of major importance is the measurement and analysis of 
three-dimensional viscous flow necessary to correctly characterize the gas 
motion near the combustion zone that is responsible for the coupling with 
the combustion. This problem is reflected in the continuing dispute over 
correct characterization of "velocity coupling," "flow turning," and "end 
response vs side response," mentioned in the chapters in this volume by 
Culick and Yang, by Ramohalli, and by Mathes. With the aid of improved 
analysis and computational methods, it appears that the gas motions re- 
sponsible for these effects can now be described more realistically, opening 
the way to more rigorous stability analyses. This point is amplified in the 
following. 

Some Advances in Modeling Gasdynamics 

Decoupling of the combustion-zone and the cavity gas-flow problems by 
use of the thin-combustion-zone assumption has led to certain assumptions 
in each region that seem reasonable until the interaction of the two regions 
is addressed. Thus, it is usually assumed in combustion-zone modeling that 
gas oscillations are perpendicular to the surface, an assumption that satisfies 
the no-slip boundary condition at the surface but fails to address the effect 
of possible motion parallel to the surface farther out in the combustion 
zone. This difference is patched up by the velocity-coupling concept, but 
this concept is frail at best because it is not based on an analysis of the gas 
motion in the cavity, which can realistically predict motion in the near- 
wall region, where interaction with combustion occurs. A further related 
difficulty that is usually patched up is proper description of the transition 
of the sidewall gas flow from a direction initially normal to the wali to a 
nominally longitudinal direction toward the cavity exit. It has been nec- 
essary to introduce a "flow-turning" term in the stability analysis to account 
for the energetics of this process in the equations for oscillatory motion. 
The flow-turning term in the stability analysis is often quite large. The 
physical basis for its determination is highly suspect, however, since it does 
not ordinarily rely on a realistic analysis of the turning flow. A realistic 
analysis would necessarily take into account vorticity that is generated in 
the flow turning, vorticity that is convected with the mean flow and that 
affects oscillatory motion throughout the cavity (especially near the wali) . 
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Efforts have been made to improve on irrotational flow solutions by in- 
troduction of acoustic boundary-layer corrections, but it appears that three- 
dimensional viscous flow analyses must be used to deal correctly with either 
the "flow-turning" effect or the coupling of the combustion zone with 
components of oscillations parallel to the burning surface. 14 

Thus, a simple acoustic model for the oscillations, as almost universally 
assumed, is not an appropriate representation for the unsteady field. Cor- 
rections for the effect of vorticity generation introduced by means of acous- 
tic boundary-layer theory are not applicable because of the strong effect 
of the mean flow convection. Important effects of vorticity production 
include the following: 

1) velocity overshoot near the surface of approximately twice the wave 
amplitude in the main volume of the chamber; and 

2) phase-angle shift such that velocity fluctuations are more nearly in 
phase with the pressure fluctuations than 90 deg out of phase, as suggested 
by acoustic theory and the conventional velocity-coupling postulates. 

Another unexpected effect is that viscosity plays an important role in 
the geometry of the oscillatory flow components throughout the chamber 
rather than only in the vicinity of the boundaries. This can be visualized 
as a shear-wave effect superimposed on the acoustic waves. Major modi- 
fication of the wave geometry results throughout the combustion chamber. 
This affects models of particle damping and velocity coupling that have 
been used in predictive computer codes. In the majority of applications, 
important errors in stability assessment result. It is possible to extend the 
basic approach so that it encompasses many of the required phenomena. 
This is accomplished by retaining the viscous terms in the equations of 
motion and by properly attending to the boundary conditions at the burning 
surface. A technique of great utility is the "splitting" of the problem into 
three components 14 : 1) acoustic (compressible, inviscid, irrotational), 
2) vortical (incompressible, viscous, rotational), and 3) thermal. The ther- 
mal part encompasses "entropy wave" effects that are of most importance 
in the combustion zone, where rapid heat release and steep temperature 
gradients occur. Most of the chamber unsteady flow is controlled by the 
combined acoustic and vortical waves that dominate the flowfield. 

Nonlinear Combustor Instability 

The practical goal of most research on combustion instability is to fa- 
cilitate design of propellants and motors that do not exhibit any oscillatory 
behavior. Linear-stability theory is generally applicable to this goal, pro- 
viding relations among system variables that establish stability limits (a = 
0). Nonlinear features of the contributing mechanisms become important 
if 1) the designer decides to live with some oscillatory behavior and wants 
to know how severe the oscillations may become, and 2) the system is 
stable at low amplitude but is (or may be) unstable in the presence of large 
disturbances produced by extraneous causes, such as the ejection of a 
fragment of propellant, insulation, or igniter case through the nozzle. The 
state of development of nonlinear theory, being much more difficult, is 
much less complete than that of linear theory. 
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The qualitative nature of nonlinear effects can be understood in terms 
of Fig. 4, which describes the rates of acoustic energy input and dissipation 
vs total energy (a measure of amplitude) for a given acoustic mode of the 
combustor. In both sketches, the combustion amplification is shown with 
a nonlinearity that leads to a drop-off in relative energy input as amplitude 
increases, which is consistent with the idea that only a finite amount of 
energy flux is available from the combustion zone. In both sketches, there 
are two or more different damping-rate curves, illustrating unstable and 
stable situations. In Fig. 4a, the damping curve D t yields higher damping 
rates than combustion inputs at all amplitudes (absolutely stable). The 
damping curve D 2 indicates that oscillations would develop from small 
disturbances and grow to some large amplitude and level off as damping 
matches combustion input (linearly unstable, the behavior in situation 1 
in the preceding paragraph). Figure 4b shows a system in which combustion 
input is initially low, increases, and then levels off at large amplitude. This 
is typical of some longitudinal mode instabilities described in the chapters 
in this volume by Ramohalli, by Mathes, and by Culick and Yang (the 
damping curve may also be nonlinear in real combustors). In Fig. 4b, the 
D x curve corresponds to absolute stability. D 2 corresponds to a situation 
in which small disturbances damp out but larger disturbances may cause 
growing oscillations (nonlinearly unstable, the behavior in situation 2 in 
the preceding paragraph). Damping curve D 3 corresponds to damping so 
low that oscillations grow even at low amplitude (linearly unstable). 

A combustor having the characteristics corresponding to Fig. 4b is a 
special problem to motor designers because static firings (prototype and 
qualification tests) do not necessarily reveal the instability characteristics. 
Unless large-amplitude disturbances occur spontaneously, the system may 
be nonlinearly unstable without anyone knowing it, and episodes of severe 
instability may be encountered in later tests or service operations. In this 
regard, the stability ordinarily changes with time during burning, so that 
demonstration of stability by stable response to large disturbances is best 
made by deliberate pulsing at planned times during burning, as described 
in the chapters in this volume by Ramohalli and by Mathes. A typical 
motor history obtained by repeated pulsing is sketched in Fig. 5. 




a) £ b) £ 

Fig. 4 Acoustic energy input and damping: a) typical of systems that can be 
linearly unstable; b) typical of systems that can exhibit "triggered" instability. 
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Fig. 5 Longitudinal mode instability triggered by intentional pulsing. 



The subject of nonlinear response to pulses has been examined in con- 
siderable detail, both experimentally (Refs. 15 and 16) and by analytical 
computational means (Refs. 17-19; see also the chapter by Culick and Yang 
in this volume). Great emphasis has been placed on the time-dependent 
development of oscillations and how it depends on details of the pulse 
(shape and strength) . Oscillations usually develop into steep-fronted waves, 
and efforts are made to match calculated and observed waveforms (see the 
chapter in this volume by Culick and Yang). From the practical viewpoint, 
such severe oscillations are intolerable in a motor, no matter what the 
waveform, and the preoccupation with waveform matching may seem to 
be sometimes misdirected; however, agreement between calculations and 
observed waveforms is important as a test of the nonlinear features of the 
model and, hence, its validity in prediction of whether oscillations will 
grow or decay. 

The nonlinear models have addressed primarily longitudinal mode insta- 
bilities, presumably because nonlinear instability is most commonly ob- 
served in such modes of oscillation. Initially, one-dimensional models of 
the gas motion were used with rather simplistic representation of the com- 
bustion response. The results showed the importance of nonlinearities in 
the gas motion, including flow of energy between modes that are orthogonal 
in linear theory. It is worth re-emphasizing that many of the analyses and 
concepts used in the combustor stability "community" are inapplicable to 
nonlinear instability and that the importance of the phenomenon in motor 
development programs is a driver for continued research. In this regard, 
the outlook for tractable analysis and computation is optimistic. 

Effects of nonlinearity can be readily incorporated in the perturbation 
scheme by retention of higher-order terms in the governing equations. This 
process has been avoided in most analyses because of the large algebraic 
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burden. However, recent advances in symbolic computer languages largely 
overcome this difficulty, and it has become practical to extend perturbation 
methods to any required degree of accuracy. In most cases of nonlinear 
rocket motor instability, it appears that retention of terms to at least the 
third order in wave amplitude is required to capture all important features, 
such as triggering and self-limiting of oscillations. The nonlinear problem 
is reduced by means of perturbation schemes to a series of fairly complex 
coupled linear equations. In practical situations, these cannot be solved 
algebraically but require numerical evaluation. However, the need for 
expensive computational fluid dynamics (CFD) solvers is eliminated. Thus, 
the best features of analysis and computation are combined, and there is 
promise of simple and efficient nonlinear motor-stability assessment as 
these methods 20,21 become accepted. The ultimate success (in this approach 
as in purely computational schemes) depends on the availability of valid 
physical/chemical models for the nonlinear processes involved. A case in 
point is velocity coupling, which is inherently nonlinear. At the present 
time, no acceptable models exist for this and other potentially important 
nonlinear processes. 

Experiments 

Philosophical Comments on Use of Experiments 

In a problem as complex as transient combustion of solid propellants, 
there is little prospect of complete description of the phenomena of interest 
by rigorous theory, even in this day of supercomputers. It is not that the 
governing physical principles are unknown; the difficulty is that the geo- 
metrical and chemical complexities of the propellant, the combustor flow, 
and its boundary conditions pose a problem that is intractable for both 
analysis and physical insight. To cope with this, the problem is broken 
down into subproblems, often dictated by the dominant practical mani- 
festation of transient behavior (oscillatory combustion, quenching, tran- 
sition from deflagration to detonation, etc). Even after the problem has 
been narrowed to subproblems in this way, the subproblems are usually 
too complex for rigorous modeling from first principles and are often re- 
sistant to physical insight. The subproblems are attacked by a combination 
of approximate models and experiments, with the hope that the essence 
of the phenomenon may be captured through iterative reconciliation of 
predictions of models, experimental observations, and physical insight. 

Experiments come in a variety of "styles." Some experiments embrace 
a problem in its full complexity (i. e., a rocket motor), seeking to determine 
the qualitative nature of the problem as a guide to relevant analytical 
modeling and to more specialized experiments. The cost of such tests is 
often prohibitive, and the results may at first seem enigmatic but undeniably 
relevant. Some experiments are designed to bring out the role of particular 
contributing processes as further guidance to modeling and to physical 
insight. Such experiments may involve simplified versions of the all-up 
problem designed to examine specific mechanisms or to facilitate unam- 
biguous control of variables and interpretation of results. Some experi- 
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ments are designed to measure either specific basic or complex ballistic 
properties of the system that are used to supplement analyses (e. g., mea- 
surement of an activation energy or a complex quantity such as a pressure- 
coupled mass response function to use in stability analyses). Some exper- 
iments are designed to clarify single contributing steps in the overall 
combustion and flow processes (e. g., decomposition of an ingredient, a 
specific feature of a complex flame, or conditions for onset of turbulence). 
The character and role of these different kinds of experiments differ enor- 
mously, but all kinds are needed to achieve progress. The re is probably 
an unfulfilled obligation among investigators to make these various con- 
tributions come together for overall reconciliation and understanding of 
the target phenomena. Instead, there is a human tendency to criticize the 
relevance of the more fundamental studies and the indecisiveness or "un- 
interpretability" of the more practical full-complexity tests. We would do 
well to spend more time addressing the question of how our experiments 
will be Consolidated to provide more complete understanding of the phe- 
nomena that constitute our practical combustion problems. 

Problems that Confront Experimenters 

Much of the information about propellant combustion that is needed to 
understand or analytically model the process is inaccessible to direct mea- 
surement because of the microscopic size and complexity of the combustion 
zone, the hostility of the combustion environment, and the need for high 
spatial and time resolution. It is simply not feasible at present to measure 
(for example) the concentration of relevant chemical species as a function 
of location and time in a multidimensionally complex, high-pressure com- 
bustion zone less than 100 |x thick that is oscillating at 1000 Hz. Experi- 
menters have a variety of recourses. They may go to a geometri cally or 
chemically simpler system, to lower pressure to expand the dimensional 
scale, or to lower frequency to be consistent with attainable time resolution. 
In the process, their experiments may be designed for more effective use 
of analytical methods for interpretation of results or more effective use 
of diagnostic methods. In the process, they run the ever-present risk of 
successfully elucidating a phenomenon that is not relevant to the real 
propellant-motor situation, re-emphasizing the need to spend more time 
examining how all the research contributes to understanding and control 
of combustion of propellants. 

At the other extreme, experiments may be designed to measure global 
properties of combustion, such as ignitability, shock sensitivity, or response 
functions. In these measurements, we often do not fully understand how 
the test works or what it actually measures. The tests are used anyway, 
for lack of anything better, while efforts go on to refine and understand 
the tests and their domain of applicability. 

There is no need to lecture the scientists and engineers who have been 
conducting the experiments regarding the difficulty of measurements. They 
know about the experimental difficulties. But it is important that the whole 
community of scientists realizes that understanding propellant combustion 
phenomena must come from reconciling results of a wide variety of ex- 
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periments and analytical models, and that understanding usually comes 
from survival and evolution of a variety of hypotheses that eventually attain 
a form compatible with measurements of global combustion behavior, de- 
tailed measurements in model combustion experiments, and basic com- 
bustion theory. Rarely has there been the comfort of a direct proof of 
anything about transient propellant combustion. The outlook for the future 
is a little better. Detailed analytical modeling is becoming more rigorous 
as the capability of computers progresses, and advances in combustion 
diagnostics are extending the variety and the spatial and time resolution 
of measurements of properties in the combustion zone. Understanding 
steady combustion of the most common ammonium perchlorate-hydro- 
carbon binder propellants seems almost within reach, and transient proc- 
esses are probably qualitatively understood, in spite of some lingering 
disagreement on specific points. The same may be said of homogeneous 
nitrocellulose-nitroglycerin propellants. However, propellant chemists pro- 
vide a continuing challenge with new propellant ingredients and combi- 
nations of ingredients, selected to provide more energetic propellants, less 
noxious reaction products, less susceptibility to unwanted ignition or det- 
onation, or lower cost. The present state of knowledge and of experimental 
methods is not adequate to anticipate the combustion of these propellants 
or to quickly modify the combustion to meet practical needs. Indeed, the 
level of research effort is in decline while future needs are growing and 
past knowledge is poorly Consolidated and taught. 



Future Prospects 

From the foregoing, it is evident that considerable progress has been 
made toward understanding the qualitative features of nonsteady propel- 
lant combustion but that quantitative prediction is practical only in situa- 
tions that are modest interpolations or extrapolations from past experience. 
It has been stressed that progress is impeded by the sheer complexity of 
the propellant and its combustion environment and by the difficulty of 
obtaining adequate measurements. Since it is not clear that these problems 
will be fully surmounted in the immediate future, it seems appropriate to 
consider what strategies for the future seem most promising. Such strategies 
will presumably respond to practical needs, to opportunities presented by 
advances in understanding, to new experimental methods, and to advances 
in analytical-computational capability. 

Ingredient Chemistry 

The diversity of chemical ingredients seems to preclude early acquisition 
of all of the knowledge we need about each ingredient, especially as it 
relates to nonequilibrium processes and processes at the high temperatures 
and pressures present in combustion zones. However, opportunities for the 
future are most promising, particularly as they involve application of com- 
putational methods and advanced methods of controlled high-temperature 
decomposition and measurement of compositions and temperatures. At 
the molecular level in solid ingredients, quantum mechanical computations 
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can now be used to determine heats of formation and the initial bond 
breaking in molecules, even those that have not yet been synthesized. The 
possibility of tracking subsequent reactions is greatly enhanced by com- 
putational methods that can handle large numbers of reaction-rate equa- 
tions. Basic data on kinetics and energetics are increasingly available to 
supplement such computations. Because of the high surface temperatures 
reached on propellant burning surfaces, considerable uncertainty remains 
about the physical state of the surface (liquid, solid, froth), but high- 
heating-rate experiments, such as laser pyrolysis, offer promise of rapid 
progress. The probability that surfaces may often be froths poses a difficult 
coupling of chemical reactions, surface forces, surface-layer dynamics, and 
topology that is yet to be evaluated. In the gas phase, the equations for 
reacting flow can usually be written and solved if sufficient computer ca- 
pacity is available, but current capacities are marginal at present costs. 
Effective use of massive computational results will not solve anything, 
however, unless enough physical insight can be developed to ask the right 
questions and extract the answers from computations. 

Perhaps the most difficult combustion-related aspect of ingredient chem- 
istry is the influx of new ingredients, dictated by the need for propellants 
with nontoxic reaction products, low exhaust plume detectability, low sen- 
sitivity to unintended ignition stimuli, higher performance (impulse, burn- 
ing rate), or lower cost. Many such ingredients are committed to pilot 
production even before it has been shown that they yield acceptable de- 
composition behavior at the high heating rates characteristic of combustion. 
It is hoped that high rate decomposition studies will become routine for 
new ingredient candidates. 

Gas-Phase Combustion Zone 

In nearly all transient-combustion processes, flame stability is made pos- 
sible by the fact that most of the heat release occurs in the gas phase (Ref. 
22, Sec. 9.2). However, the dynamic response to disturbances is corre- 
spondingly dependent on the details of the gas-phase flame and how it 
couples with the solid. In a one-dimensional model, the role of the gas 
phase can be characterized by a very few global parameters, but the re- 
sulting models do not correlate with the measured dynamic combustion 
response of heterogeneous propellants very well, and it appears that a 
suitable model must embody a realistic description of the three-dimensional 
features of the combustion zone, which are matters of speculation and 
argumentation in most cases. Given these circumstances, it seems unlikely 
that reliable transient models will become available soon, although mod- 
erate success has been achieved with AP-hydrocarbon binder propellants. 
In the future, it is probably crucial to first obtain good ingredient decom- 
position data, strive toward a realistic description of the steady-state 
combustion zone, and then tackle the dynamic response problem. The 
combustion-zone structure is generally very dependent on ingredients, 
pressure, and particle size, and so there is a long job ahead. Success will 
depend on the best we can do with flame theory, combustion diagnostics, 
and development and exploitation of specialized experiments that help 
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clarify the detailed behavior in the combustion zone. It is important to 
stress that the details of the combustion zone that dominate steady-state 
burning rate are not necessarily the same ones that dominant transient 
response. 

Investigators who study ignition, oscillatory combustion, deflagration- 
to-detonation transition, etc, make very different assumptions in their 
models and run very different experiments. To the extent that the gas- 
phase processes are important, the opportunities for progress are greatly 
expanded by modern methods of experimentation and computation, and 
future research could lead to the kind of rational design of propellants for 
desired transient-burning characteristics proposed in the chapter in this 
volume by Ramohalli. To some extent, this is already reflected in such 
efforts as the search for low-vulnerability propellants, but such searches 
will be greatly aided by better understanding of the combustion process. 

Hazards 

In the last 20 years, substantial commitments have been made to reduce 
the risks of unintended ignition and detonation of propellants and ingre- 
dients, including those in various states of containment and exposure that 
might occur in transportation or military field conditions. This has involved 
not only the introduction of new ingredients mentioned earlier, but also 
major developments in experimental hazards-testing methods for shock 
sensitivity, electrostatic sensitivity, cook-off (fire situations), bullet impact, 
and deflagration-detonation transition. Most of the tests involve very com- 
plex events in which the induced propellant response is not fully deter- 
mined. This transient-combustion problem is not fully covered in this book. 
Ignition and deflagration-detonation transition are discussed in the chapter 
by Price and Boggs and are implicit in the content of other chapters. A 
good review of needs in the hazards area has been reported by Mellor et 
al. in Ref. 23. This is a broad area that tends to involve very complex and 
poorly understood hazards tests. The review of needs stresses the necessity 
for fundamental research aimed at understanding and improving hazards 
tests, as well as reduction of hazards. Research along these lines is still in 
the early stages, although major progress has been made in understanding 
deflagration-to-detonation behavior (as reported in chapters in this volume 
by Price and Boggs and by Kuo and Kooker). 

Conclusion 

This book is an impressive demonstration of the complexity and diversity 
of the transient-combustion processes of solid propellants and the strategies 
for understanding, describing, and controlling transient combustion. This 
final chapter was aimed at describing the level of understanding that has 
been achieved (partly by the example of oscillatory combustion) and the 
barriers to "complete" understanding and application to practical prob- 
lems. The central difficulty is that one needs to predict and optimize the 
behavior of very complex processes that are very difficult to measure or 
describe analytically. Progress is made by reconciliation of input infor- 
mation from diverse and sometimes uncertain sources: 
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1) Studies of the behavior of practical systems, which are often too 
complex to understand but which pro vide the "clinical" data that all other 
studies must eventually explain. 

2) Studies of the behavior of simpler model systems (combustors and 
propellants) that are chosen to be more amenable to analytical description, 
experimental observation, and control of processes and variables. 

3) Studies of constituent processes (of the overall combustor processes; 
e. g., ingredient decomposition, flame structure, and gas flow in the com- 
bustion zone). 

4) Studies at the molecular level necessary to understand the physical 
state and chemical processes at combustion-zone pressures and temperatures. 

The degree of success has been, and will continue to be, dependent on 
effective combination of these diff ering kinds of studies. This is easier to 
see in retrospect, with the help of better understanding of the problem, 
advances in relevant scientific disciplines, and lessons learned from past 
efforts. 

There is a growing tendency in the management community to regard 
the successes in rocketry as an indication of the maturity of the technology, 
a view that is reinforced by an argument that the energy that can be stored 
in chemical bonds is already approached by known propellant systems 
(suggesting limited future possibilities). However, the modern arena in- 
cludes optimization of propellants to yield high performance and new com- 
bustion characteristics and, at the same time, to reduce hazards, toxicity, 
exhaust plume detectability, cost, etc. These requirements are, in many 
respects, contradictory when translated into the world of real propellants 
and combustion (high-energy solid propellants tend to be more hazardous, 
expensive, smoky, and susceptible to unstable combustion). Combustion 
science is not ready for the current flood of new ingredients and propellants 
or for the tough job of optimizing tradeoffs to meet the new requirements. 
Traditionally, the propellant formulators do not wait for the combustion 
scientists to tell them how to meet new requirements but, instead, embark 
on a trial-and-error propellant optimization process for each new set of 
applicational requirements. This is a very costly process that contributes 
very little to the science base because it is not designed to do so. The 
process has to be repeated with each new applicational objective. Without 
recourse to a scientific base, this strategy does not draw on the f uli spectrum 
of opportunities to meet requirements and, hence, leads to nonoptimum 
outcomes as well as a weak base for subsequent developments. 

In fairness to the practitioners of the trial-and-error approach, it should 
be noted that they have to meet other requirements in addition to optimum 
combustion and must do so on a compressed time scale. In addition, they 
find the combustion science base to be too primitive and/or too abstruse 
to suit their needs. This situation is an obvious manifestation of a technology 
that is not mature. 

Trial-and-error development is a very expensive process that has not 
been particularly successful where transient combustion is concerned. As 
a result, the science base has been developed and applied to motor design 
and development in some applications, leading to an engineering basis for 
design of ignition systems, for stable combustion, for avoidance of defla- 
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gration-to-detonation transition, etc. This represents a salutary conver- 
gence of efforts of designers and scientists, but it should be clear that the 
methods are applicable only with combinations of design, propellants, and 
operating conditions for which a large backlog of laboratory and motor 
operational results is available. 

A great deal needs to be done to extend the applicability of analytical 
models, laboratory data, and combustion experience to the host of new 
propellants and to the tradeoffs of requirements sought for the future. The 
prospects of doing this are poor unless enhanced and coordinated efforts 
are made to improve the science base and apply it to improvement of 
engineering models, to understand and improve ballistic tests, and to val- 
idate the model in laboratory combustors and motors. The current ad- 
vanced state of mechanistic understanding, computational capability, and 
experimental techniques constitutes a rare opportunity to bridge the gap 
between combustion science and propellant and design optimization. This 
is an opportunity to achieve a rational basis for propellant and motor design 
optimization that will replace the costly and nonconvergent trial-and-error 
approach. 
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